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In recent years, aquaculture has experienced significant progress, increasing the number 
of species cultured and the volume produced to cope with the reduction of wild fish 
catch and to meet the demand for aquatic food. Most of the cultivated species are 
carnivorous and, for this reason, feeding continues to be the main problem of 
aquaculture when demanding a high quantity of fishmeal and / or fish oils. In order to 
save this problem, there is a tendency to try to produce herbivorous species or species 
capable to feed from a high content of vegetable protein. In this sense, thick-lipped grey 
mullet (Chelon labrosus), is a species that combine the requirements for an efficient 
production and a reduction of food costs. C. labrosus is an omnivore species, able to 
adapt to different environment and lives in shallow waters off our coasts. The objective 
of this Doctoral Thesis is to increase the knowledge about the physiology and digestive 
biochemistry of this species in order to establish specific feeding guidelines. For this, 
the main digestive enzymes present in thick-lipped grey mullet were characterized and 
their activity was determined in specimens of three different sizes. Results suggest that 
the variations in the activities of the different enzymes are linked to changes in the 
composition of diet with the size, going from having a partially carnivorous food habit 
to an herbivorous feeding. This change may be associated with changes in diet shown in 
their natural environment. On the other hand, the effect of different environmental 
salinities on the gene expression of these digestive enzymes and their total biochemical 
activity was determined. In addition, the effect of salinity on protein hydrolysis, using 
an in vitro assay was assessed. Although RNAm expression and enzymatic activity 
show changes related to the different salinities, C. labrosus can live in wide ranges of 
environmental salinity, and there may be compensatory mechanisms that help it adapt to 
these changes. In addition, a remarkable disparity has been found between the 
transcriptome and the proteome of these digestive enzymes, which suggests that its 
expression is affected by post-transcriptional mechanisms. In vitro digestibility tests 
indicate that in more saline environments there must be compensation mechanisms that 
ensure an efficient digestive process. Following this line of research, the influence of 
different environmental salinities on metabolism, osmoregulatory organs and expression 
of hormones involved in growth was analysed. Results confirm that thick-lipped grey 
mullet is a strongly euryhaline species but its acclimatization to extreme salinities 
involves an extra expenditure of energy and, probably, negatively affects growth. 
Finally, the effect of different feeding habits (fasting and re-feeding) on the metabolic 






enzymes in juveniles of C. labrosus was evaluated. The data obtained show that thick-
lipped grey mullet is able to easily adjust its metabolism in situations of fasting and 
short-term re-feeding. However, the measurement of mRNA expression of the GH/IGF-
I axis, used as an indicator of nutritional status, does not show enough sensitivity to be 





En los últimos años la acuicultura ha experimentado un progreso importante, 
aumentando el número de especies cultivadas y el volumen producido para hacer frente 
a la reducción de la captura de peces salvajes y poder satisfacer la demanda de 
alimentos acuáticos. La mayoría de las especies cultivadas son carnívoras y, por este 
motivo, la alimentación sigue siendo el principal problema de la acuicultura al 
demandar una alta cantidad de harinas y/o aceites de pescado. Para paliar este problema, 
existe una tendencia a intentar producir especies herbívoras o capaces de alimentarse a 
partir de un alto contenido de proteína vegetal. En este sentido, la liseta (Chelon 
labrosus) es una especie que reúne los requisitos idóneos para una producción eficiente 
y una reducción de los costes alimenticios, siendo una especie omnívora, capaz de 
adaptarse a diferentes ambiente y está presente en las aguas someras de nuestras costas. 
El objetivo de esta Tesis Doctoral es incrementar el conocimiento sobre la fisiología y 
bioquímica digestiva de esta especie, con el fin de poder establecer unas pautas de 
alimentación específicas. Para ello se caracterizaron las principales enzimas digestivas 
presentes en la especie y se determinó su actividad en especímenes de tres tamaños 
diferentes, sugiriendo los resultados que las variaciones en las actividades de las 
distintas enzimas están ligadas a cambios en la composición de la dieta con el tamaño, 
pasando de tener un hábito alimenticio parcialmente carnívoro a una alimentación de 
tendencia herbívora. Este cambio posiblemente este asociado a cambios en la 
alimentación mostrados en su medio natural. Por otro lado, se determinó el efecto de 
diferentes salinidades ambientales en la expresión génica de estas enzimas digestivas y 
en la actividad bioquímica total de las mismas. Además, se evaluó, mediante un ensayo 
in vitro, el efecto de la salinidad sobre la hidrólisis proteica. A pesar de que la expresión 
y la actividad enzimática muestran cambios relacionados con las distintas salinidades, la 
liseta es capaz de vivir en un amplio rango de salinidad ambiental, pudiendo existir 
mecanismos compensatorios que la ayuden a adaptarse a estos cambios. Además, se ha 
encontrado una notable disparidad entre el transcriptoma y el proteoma de dichas 
enzimas digestivas, lo que sugiere que la expresión de estas se ve afectada por 
mecanismos post-transcripcionales. Los ensayos de digestibilidad in vitro indican que 
en entornos más salinos deben existir mecanismos de compensación que aseguren un 
proceso digestivo eficiente. Siguiendo esta línea de investigación, se analizó la 
influencia de diferentes salinidades ambientales sobre el metabolismo, órganos 
osmorreguladores y expresión de hormonas involucradas en el crecimiento. Los 






aclimatación a salinidades extremas conlleva un gasto extra de energía y, 
probablemente, afecta negativamente al crecimiento. Por último, se evaluó el efecto de 
distintos hábitos alimenticios (ayuno y realimentación) sobre la actividad metabólica y 
composición de tejidos, el eje GH/IGF-I, y la actividad de las enzimas digestivas en 
ejemplares juveniles de liseta. Los datos obtenidos muestran que la liseta es capaz de 
ajustar fácilmente su metabolismo ante situaciones de ayuno y realimentación a corto 
plazo. Sin embargo, la medida de expresión de ARNm del eje GH/IGF-I, utilizada como 























1. EL CONTEXTO: ACUICULTURA EN PECES NO CARNIVOROS 
1.1. Producción y tendencias en piscicultura 
La acuicultura se considera la producción en el agua de animales y plantas 
mediante técnicas encaminadas a hacer más eficiente su rendimiento. Esta actividad no 
es un complemento de la pesca, sino su evolución natural. 
La producción mundial de acuicultura procede de granjas en las que se crían 
peces, algas, crustáceos, moluscos y otros invertebrados, con el fin de producir 
alimentos ricos en proteínas, aceites esenciales, vitaminas y minerales para la población. 
En los últimos años, la acuicultura ha experimentado un progreso bastante 
importante, ya que ha aumentado el número de especies cultivadas para hacer frente a la 
captura masiva de peces salvajes destinados a la producción de alimentos acuáticos. La 
mayor parte del pescado producido se destina al consumo humano, sin embargo, los 
subproductos pueden utilizarse para fines no alimentarios. En 2016, la acuicultura 
representó un 47 % del total (excluidas las plantas acuáticas) de la pesca de captura y la 
acuicultura, siendo superior al 42,1 % alcanzado en 2012 y al 31,1 % registrado en 2004 
(FAO, 2016, 2018) (Figura 1). 






En los últimos diez años, la producción acuícola ha crecido un 5,8 % anual, 
siendo inferior al decenio anterior. Sin embargo, la acuicultura continental se ha 
incrementado un 64,2 % en estos años, ya que es el tipo de operación acuícola más 
habitual en el mundo y la práctica que más contribuye a la seguridad alimentaria y la 
nutrición en los países en desarrollo (FAO, 2018). 
Generalmente, la alimentación puede suponer un inconveniente para el 
crecimiento de la producción acuícola. No obstante, en 2016, la mitad de la producción 
de la acuicultura mundial se obtuvo de cultivo de especies en los que no era necesario la 
alimentación (Figura 2). La producción de animales acuáticos no alimentados supuso el 
30,5 % de la producción mundial de todas las especies de peces cultivados, aún así, su 
producción sigue creciendo, pero a menor ritmo que las especies alimentadas (FAO, 
2018). 
A nivel mundial, en 2015, la producción de acuicultura superó a la de la pesca en 
12,3 millones de toneladas, siendo Asia el continente que ha generado el mayor 
porcentaje de producción de pescado para consumo humano, disminuyendo ligeramente 
en Europa y Oceanía (APROMAR, 2017). En 2016, las especies producidas varían 
notablemente entre los principales productores. A pesar de que China sigue siendo con 
diferencia el productor más importante, su porcentaje en la producción mundial de 
peces procedentes de la acuicultura ha disminuido ligeramente del 65 % a menos del 62 
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La acuicultura en Europa representa el 19,4 % de la producción acuática total 
(acuicultura y pesca). En 1988 se produjo un máximo en la producción acuícola y desde 
entonces ha caído un 34 %, sufriendo en 2015 una disminución del 1,3% en la 
producción acuícola con respecto a 2014 (Figura 3). A pesar de las grandes 
expectativas, la producción de acuicultura en la Unión Europea no ha podido compensar 
la reducción sufrida por la pesca extractiva europea en las últimas décadas 
(APROMAR, 2017). Sin embargo, la importancia de esta actividad es igual en todos los 
países de la Unión Europea, siendo España la que encabeza la lista de países en 
volumen de producción (22,3 %), aunque no a nivel de producción, donde es Reino 
Unido el primer país productor (APROMAR, 2017). 
 
Figura 3. Evolución de la producción total de acuicultura y pesca en la Unión Europea entre 1950-2015 
en millones de toneladas (APROMAR, 2017). 
Los principales productos de la acuicultura en la Unión Europea son pescados y 
moluscos, siendo de nuevo España el principal país productor de moluscos, sustentado 
sobre el cultivo del mejillón, seguido de la lubina, la dorada y la trucha (Figura 4). A 
pesar de ello, la actividad acuícola en España se ha desarrollado concentrando el cultivo 
en muy pocas especies. Es por ello que se hace necesario desarrollar líneas de trabajo 
que contribuyan a la diversificación de las especies cultivadas, buscando especies que 
reúnan una serie de requisitos productivos, y que también tengan demanda en el 
mercado. La zona Mediterránea cuenta con grandes recursos para facilitar la 





procesos de cultivo, tipos de empresas, mercados, etc. Por tanto, el proceso de 
diversificación es imprescindible para mantener altas tasas de crecimiento de la 
producción acuícola (Abellán-Martínez y Arnal-Atarés, 2013). 
Figura 4. Evolución de la producción de la acuicultura en España, en toneladas y por especies, en el 
periodo 1960-2016 (MAPAMA y APROMAR, 2017). 
En 2017, la producción en fase de engorde retrocede a niveles de hace una 
década, alcanzando valores similares a los de 2008, sin embargo, en términos 
económicos alcanzó el tercer mayor valor de la historia. Esta caída se debe 
principalmente a la desaparición de un establecimiento importante de engorde de dorada 
y lubina y a una disminución en la producción de mejillón (Junta de Andalucía, 2017), 
igual que ocurrió en 2014. (Zurita y cols., 2014). La acuicultura marina andaluza 
representa el 3 % del total nacional, situándose en cuarto lugar a nivel nacional tras 
Galicia, Región de Murcia y Comunidad Valenciana. A pesar de ello, en 2017, el 
engorde de peces fue la actividad más importante de la acuicultura marina andaluza, 
seguido de la cría de moluscos, crustáceos y el cultivo de microalgas (Figura 5). En los 
peces, la lubina es la especie más cultivada, seguida de la dorada, el atún rojo, el 
lenguado senegalés y los mugílidos. El resto de las especies, cultivadas en granjas 
marinas en tierra con carácter extensivo, suponen un 0.7% del total de la producción 



















Figura 5. Distribución por grupos de especies de la producción en granjas de engorde en Andalucía en 
2017 (Junta de Andalucía, 2017). 
Tabla 1. Producción de las principales especies de peces en Andalucía en 2017 (tomado del Informe 








VALOR (€)  
Lubina  3.442.505 100,00% 8,11 27.931.272,58 
Dorada  915.744 99,90% 7,55 6.904.447,62 
Atún rojo  736.202 100,00% 12,02 8.985.210,00 
Lenguado senegalés  540.535 99,90% 11,03 5.958.192,37 
Mugílidos 64.765 98,50% 4,15 265.075,76 
Corvina  42.921 100,00% 8,1 347.525,41 
Sargo  2.729 48,70% 1,12 1.484,00 
Baila  316 98,40% 2,09 650,17 
Pejerrey  15 0,00% 0 0,00 
Total  5.745.732 7 54 50.393.858 
1.2. La acuicultura de peces no carnívoros 
La alimentación de peces en acuicultura es un elemento clave para su viabilidad. 
Por ello, la optimización del uso de materias primas y el conocimiento de sus nutrientes, 
digestibilidad y manejo, es esencial para el desarrollo de esta actividad. El avance de la 
acuicultura intensiva a nivel mundial se encuentra condicionado a la disponibilidad de 
materias primas para la alimentación de las especies cultivadas. La harina y el aceite de 
pescado son las principales materias primas utilizadas como fuente de proteína y energía 
en alimentos para peces, sobre todo para especies carnívoras. La elevada demanda de 














pudiendo peligrar la garantía de su suministro (Tacon y Metian, 2008). Esto, unido al 
incremento en el precio de las mismas, hace que la búsqueda de nuevas materias primas 
proteicas, así como de nuevas especies a cultivar sea un objetivo prioritario en la 
investigación en acuicultura. Una de las tendencias para compensar este aumento de los 
precios y de la demanda de piensos, es el empleo selectivo de harinas y aceites de 
pescado en menores concentraciones y en determinadas fases de producción. Otra 
tendencia actual es intentar producir especies herbívoras o capaces de alimentarse a 
partir de un alto contenido de proteína vegetal y que presentan necesidades en proteína 
menores que las carnívoras (Hardy, 2010). De hecho, en la actualidad la mayor parte de 
la producción piscícola mundial se concentra en especies herbívoras u omnívoras como 
las carpas, tilapia, etc, cuyo cultivo se realiza de forma mayoritaria en aguas dulces. 
Esto refleja no sólo una presencia mayoritaria de especies producidas como 
“acuicultura de subsistencia”, sino que plantea la necesidad de contemplar si el futuro 
de la producción acuícola podría basarse en especies carnívoras que ocupan altos 
niveles en la cadena trófica. De hecho, muchos expertos consideran que para 
incrementar la productividad en acuicultura sería necesario desplazar el nivel trófico 
que en la actualidad ocupan buena parte de las especies cultivadas, desde el escalón de 
los carnívoros al de los herbívoros u omnívoros, grupo en el que abundan especies de 
rápido crecimiento y más fáciles de alimentar como las carpas, tilapias o mújoles. 
1.3. Los mugílidos 
Los mugílidos (mújoles) son una familia de peces incluida en el orden 
Mugiliformes, son especies tanto de río como marinas, distribuidas por mares templados 
y tropicales, cercanas a la costa. Tienen dos aletas dorsales muy separadas, la primera 
espinosa con 4 espinas y la segunda de radios blandos, mientras que las aletas pélvicas 
son subabdominales con una espina y 5 radios blandos. Cuando está presente, la línea 
lateral es apenas visible. La boca es de tamaño moderado, sin dientes o con éstos muy 
pequeños, poseen un estómago musculoso y un intestino extremadamente largo. La 
longitud máxima descrita es de 90 cm. Los mújoles suelen desplazarse agrupados en 
cardúmenes y se alimentan de pequeñas algas, diatomeas y de detritos de los sedimentos 
del fondo. Se caracterizan por presentar ciclos de vida anfídromos, es decir, realizan 
migraciones de cierta importancia, con fines no reproductivos, hacia estuarios y lagunas 




1988; Granado-Lorencio, 1996). En estos ambientes se suelen presentar como especies 
dominantes dentro de la comunidad íctica, tanto en número como en biomasa, 
constituyendo un elemento clave en el funcionamiento de estos ecosistemas, además de 
un recurso pesquero importante dentro de la pesca comercial ya que satisfacen las 
necesidades básicas de proteínas de muchas poblaciones y se pueden encontrar en 
cualquier ambiente costero, sobre todo en aguas salobres. (Cardona, 1994; Strydom, 
2003). La alimentación de los alevines de mugílidos está basada en el consumo de 
zooplancton, filtrando el alimento del sustrato para extraer de él los restos vegetales 
(Tosi y Torricelli, 1988; Gisbert y cols., 1995; Fernández-Delgado y cols., 2000). 
Asimismo, existe una tendencia al consumo selectivo de presas en relación al tamaño de 
estas (Gisbert y cols., 1995). En general, si habitan aguas con alto grado de 
contaminación, su carne adquirirá un olor y sabor desagradables. En cambio, los 
ejemplares de aguas limpias y batidas ocasionalmente capturados en zonas rocosas, 
poseerán una carne excelente y muy apreciada, lo cual es importante pues lo individuos 
adultos, al ser herbívoros, podrían prescindir del pienso, llevando a un ahorro 
importante de energía metabólica.  
Se han descrito unas 72 especies agrupadas en 17 géneros, de entre los cuales los 
más frecuentes en el litoral español son Liza (lisa verdadera), Mugil (lisa común o 
mújol) y Chelon (liseta). 
Su interés como especies acuícolas viene determinado por su perfil omnívoro 
(tienden a herbívoros con el desarrollo), su crecimiento rápido y su resistencia frente a 
variaciones ambientales (Abellán-Martínez y Arnal-Atarés, 2013). De hecho, aplicando 
los criterios reseñados por O’Bryan y Lee (2007) sobre selección de especies con 
potencial en acuicultura, se comprueba que presentan un interesante potencial (Tabla 2). 
Su cultivo se lleva practicando desde hace siglos de forma tradicional como 
granjas de subsistencia en policultivos o cultivos extensivos. En algunas zonas del 
Mediterráneo existe el sistema vallicultura, que consiste en reutilizar el agua de los 
engordes intensivos en los estanques de extensivo y semi-intensivo, reduciendo así los 
costes de electricidad por bombeo y aprovechando la energía trófica residual. De este 
modo, se han conseguido buenos resultados en la estimulación de la maduración sexual 







Tabla 2. Aplicación de los criterios para selección de especies para acuicultura al cultivo de mugílidos 




 Posee amplio mercado potencial y fuerte demanda para 
diferentes tipos de consumidor 
4 
 Presenta viabilidad económica y financiera; potencial de 
beneficio aceptable/competitivo 
7 
 Potencial de consumo doméstico y para exportación 5 
 Permite procesado con valor añadido 8 






 La tecnología de producción en criaderos está disponible y 
es escalable 
5 
 Es posible cerrar el ciclo en un periodo de tiempo razonable 5 
 Se adapta a la tecnología de engorde disponible; presenta 
bajas necesidades de proteína durante el engorde, bajos 











 Especie autóctona; sin problemas de escape al entorno 10 
 Es factible su cultivo en sistemas de bajo impacto o 
integrados con el ecosistema 
10 
TOTAL 7,3 
En la actualidad el cultivo de mugílidos ha sufrido un descenso en su producción 
y valor económico cercanos al 26 % y al 19 % respectivamente (Junta de Andalucía, 
2017). Su cultivo se realiza de manera extensiva en granjas marinas en tierra de la 
región suratlántica de Andalucía, siendo Cádiz, Sevilla y Huelva las provincias que más 
producen esta familia. En 2010, a pesar de la baja producción acuícola andaluza, la 
provincia de Huelva apostó por la diversificación de especies, cultivando mugílidos y 
lenguado senegalés, lo cual produjo un incremento en la producción y facturación de la 
acuicultura marina provincial (Tabla 3) (Producción Pesquera Andaluza, 2010). Del 
mismo modo, en 2014, la provincia de Sevilla aumentó un 10 % la producción de 




económico. Esto derivó en la revalorización de la familia en torno al 15 %, pasando de 
una talla media de 891.7 g en 2013 a 980 g en 2014 (Zurita y cols., 2014).  
Tabla 3. Distribución de la producción de peces en la provincia de Huelva en 2010 (tomado del Informe 
Técnico de la Acuicultura Marina en Andalucía 2014). 
 2010 2009 Tasa interanual 
ESPECIES Kg € Kg € Kg € 
Mugílidos 2.000,0 2.000,00 446,00 533,20 3,29 2,75 
Lenguado 
senegalés 
6.000,0 87.000,00 4.678,00 74.667,45 0,28 0,17 
Lubina 306.006,0 1.861.660,40 357.879,00 2.412.166,62 -0,15 -0,23 
Dorada 955.739,0 4.909.001,04 961.844,00 4.476.575,06 -0,01 0,10 
Total  1.269.745 6.859.661,00 1.324.867,00 6.963.942,00 -0,04 -0,02 
Un factor que resaltar de esta familia es su tendencia a alimentarse de heces y 
desperdicios, lo que podría plantear su utilización dentro de esquemas de policultivo en 
los que serían utilizados para mantener limpias las instalaciones. 
Actualmente, existe un Proyecto Europeo, “DIVERSIFY”, que tiene como 
objetivo principal expandir la industria de la acuicultura europea, desarrollando métodos 
científicos para la optimización de la producción de algunas especies nuevas y 
emergentes, y establecer las técnicas de comercialización necesarias para incrementar su 
consumo. Para llevar a cabo este proyecto se han seleccionado 6 especies en función de 
su potencial biológico y económico. Son especies que alcanzan un gran tamaño y tienen 
un crecimiento rápido, lo que permite la producción de una gran variedad de productos 
de valor. Una de las especies seleccionadas es el mugílido Mugil cephalus, en el que 
existe un interés creciente ya que es una fuente de proteína de alta calidad y requiere 
poca o ninguna harina de pescado para su alimentación. Además, las huevas de las 
hembras son muy apreciadas en las zonas del sur del Mediterráneo y Asia 
(https://www.diversifyfish.eu/). 
Además, la Fundación Biodiversidad, del Ministerio de Agricultura y Pesca, 
Alimentación y Medio Ambiente, a través del Programa pleamar del FEMP seleccionó 
en la convocatoria del año 2017 el Proyecto MUGIDIET (Diseño y evaluación de dietas 
para una acuicultura sostenible de mugílidos). El objetivo principal del citado Proyecto 
es el diseño y validación de una dieta adecuada para mugílidos (entre ellos la especie 





especies de microalgas, analizando aspectos tales como i) sus requerimientos 
nutricionales, ii) su estado inmunológico, y iii) los parámetros óptimos de cultivo. 
2. UNA ESPECIE POTENCIALMENTE CULTIVABLE: LA LISETA 
Chelon labrosus (Risso, 1827), comúnmente conocida en Andalucía como liseta 
(Figura 6), es un teleósteo marino perteneciente a la Familia Mugilidae, Orden 
Perciformes, Subclase Actinopterygii, Clase Osteichtyes. Es una especie autóctona que 
puede ser considerada como potencialmente interesante para la diversificación en 
acuicultura (Zouiten y cols., 2006; De las Heras, 2012; De las Heras y cols., 2015). 
 
Figura 6. Chelon labrosus (Risso, 1927) (tomada de www.fishbase.gr ). 
La liseta es un pez de morfología alargada y fusiforme cuya longitud puede 
llegar hasta los 60 cm, con grandes escamas que le cubren todo el cuerpo. Se caracteriza 
por presentar un color gris oscuro azulado en el dorso y plateado en la zona ventral, 
siendo comunes las estrías longitudinales oscuras (Muus y Nielsen, 1999). La cabeza, 
relativamente ancha, se encuentra hundida en la zona de los ojos, que carecen de 
membrana adiposa, presentando párpados poco desarrollados. El labio superior, igual o 
ligeramente mayor a medio diámetro ocular, está cubierto de 1 a 4 filas de papilas 
córneas. El hueso preorbital o lacrimal posee el borde posterior recto. Tiene dos aletas 
dorsales separadas, la primera de ellas con 4 o 5 radios espinosos, y la segunda con un 
radio espinoso y entre 7 a 10 blandos. La aleta anal posee 3 radios espinosos y 9 
blandos. Las aletas pectorales se encuentran a media altura del cuerpo, mientras que las 





La especie se localiza desde Escandinavia e Islandia hasta Senegal y Cabo 
Verde, incluyendo el Mar Mediterráneo y el Suroeste del Mar Negro (Robins y cols., 









Figura 7. Distribución geográfica de Chelon labrosus (tomada de www.fishbase.gr). 
En C. labrosus, al igual que en el resto de mugílidos, se da una clara 
modificación del régimen alimentario a medida que los animales aumentan su talla, 
pasando de una dieta zooplanctófaga a una dieta fitobentónica en ejemplares adultos 
(Tosi y Torricelli, 1988; Wassef y cols., 2001). Este cambio está relacionado con el 
aumento de tamaño de la abertura de la boca, que permite el cambio del nicho 
alimenticio de los alevines (Odum, 1970). Conjuntamente, se produce una modificación 
del aparato digestivo en los especímenes de mayor talla, con un engrosamiento de las 
paredes musculares del estómago y un alargamiento del intestino (Drake y cols., 1984). 
Este hecho va unido a la aparición de un aparato enzimático-digestivo adecuado para la 
digestión del material vegetal y detrítico, ya que es más complicado de digerir que el 
alimento de origen animal. Estos cambios en la composición de la dieta también pueden 
estar ligados a la variabilidad espacial y temporal en la disponibilidad de los distintos 
tipos de presas, lo cual es una situación habitual en ambientes lagunares o estuáricos de 
zonas templadas (Moreira y cols., 1992). Por tanto, es un importante componente del 





La liseta es una especie gonocórica y ovípara, reproduciéndose durante el 
invierno, entre los meses de noviembre y abril. Alcanza la madures sexual entre el 
cuarto y el sexto año de vida. La fecundación se produce en superficie, originando 
huevos pelágicos que eclosionan a las 48 horas dando lugar a una larva, de unos 2-3 
mm, que formará parte del plancton marino. A los 15-30 días de vida, las larvas migran 
a zonas costeras, con temperaturas más agradables y con mayor disponibilidad de 
alimento. En su fase juvenil permanecen en aguas salobres, desplazándose 
periódicamente a zonas de agua dulce. Se trata de una especie euriterma y eurihalina, 
pudiendo soportar temperaturas entre los 4 y 35 ºC, y salinidades entre los 0 y 90 ppt. 
Su reproducción en cautividad es complicada, aunque se ha conseguido una puesta en el 
Centro Superior de Investigaciones Científicas (ICMAN-CSIC), en Puerto Real, Cádiz 
(De las Heras, 2012). 
El crecimiento de C. labrosus es elevado durante el primer y segundo año, 
disminuyendo tras la primera maduración sexual. Las condiciones más favorables para 
un crecimiento óptimo se dan en aguas salobres, eutróficas y con saturación mínima de 
oxígeno (Calderer-Reig, 1993). 
El cultivo de mugílidos se viene desarrollando antiguamente en muchas regiones 
del mundo, y está asociado a lagunas costeras y desembocaduras de ríos (Crosetti y 
Cataudella, 1995). Los primeros cultivos consistían en la captura de juveniles en su 
migración al mar. Su carácter eurihalino les permite ser cultivados a distintas 
salinidades, desde agua de mar hasta agua dulce, y en algunos casos en policultivo con 
otras especies marinas (lubina, dorada y anguila en lagunas del Mediterráneo y Asia) o 
de agua dulce (tilapia en Egipto, o carpa y tilapia en Israel) (Crosetti, 2016). En España, 
el sistema tradicional de engorde de mugílidos se da en los esteros de las salinas de la 
región suratlántica, especialmente en Cádiz (Arias y Drake, 1993). Este sistema consiste 
en la captación de alevines por las compuertas de las salinas hacia los esteros en la 
época de primavera. Después se les impide la salida, permaneciendo en los esteros hasta 
el invierno, época en la que se realizan los despesques. Sin embargo, aún existen 
importantes lagunas de conocimiento sobre diversos aspectos fisiológicos de la especie 
(digestión, metabolismo, sistema de estrés, etc) que pueden comprometer el éxito de su 
cultivo. Por dicho motivo se hace necesario el seguir profundizando en el estudio de 





3. LOS ASPECTOS A EVALUAR: BIOQUIMICA DIGESTIVA, 
METABOLISMO Y CRECIMIENTO EN LA LISETA 
La puesta en cultivo de una nueva especie precisa de la adquisición de una serie 
de conocimientos previos sobre su fisiología en los que fundamentar los distintos 
aspectos de su manejo ambiental, nutricional, reproductivo, etc. Como se indicaba en el 
apartado anterior, la liseta es una especie que se puede encontrar en cualquier ambiente 
costero (desde esteros hasta mar abierto), gracias a su capacidad para soportar grandes 
cambios de salinidad y temperatura, adaptarse a diferentes fuentes de alimento e incluso 
sufrir prolongados periodos de ayuno. Todas estas características, junto con su buen 
valor comercial, la hacen una especie idónea para ser cultivada, y, por tanto, una buena 
opción de diversificación en acuicultura. Se dispone para ello de información general 
principalmente relacionada con su ciclo vital y comportamiento en estado salvaje, pero 
se desconocen aspectos relevantes con implicaciones en su manejo como especie 
zootécnica. 
En este sentido, el presente trabajo se ha centrado principalmente en el ámbito 
nutricional por entender que un aspecto clave de cara a su futura adaptación a la cría en 
cautividad sería el desarrollo tanto de piensos específicos como de pautas de 
alimentación acordes con sus necesidades nutritivas. Dado que una de los principales 
rasgos de la especie es su naturaleza eurihalina, se ha planteado un estudio orientado a 
evaluar la posible influencia de la los cambios en la salinidad del entorno sobre 
diferentes aspectos de su fisiología osmorreguladora, la bioquímica digestiva de la 
especie, su metabolismo general y su crecimiento. 
3.1. Alimentación y digestión 
La alimentación es uno de los aspectos más importantes de la acuicultura, 
principalmente porque el rendimiento final del cultivo depende para cada especie de la 
cantidad y la calidad del alimento. La ingestión, digestión y asimilación del alimento 
son procesos fisiológicos fundamentales para la determinación del aporte de los 
principales nutrientes necesarios para las funciones vitales de los animales. Estas 
funciones son desarrolladas en el tracto digestivo. Los peces, al igual que el resto de 
animales, pueden ser carnívoros, herbívoros u omnívoros. El tipo de alimentación viene 





anatomía de las estructuras relacionadas con la adquisición y procesado del alimento, la 
fisiología de la digestión y el comportamiento alimentario son característicos de la 
especie. En la alimentación se han de considerar dos aspectos importantes: i) las 
necesidades nutricionales y energéticas específicas en macronutrientes, es decir, la 
cantidad de proteínas, lípidos y carbohidratos que la especie necesita para el 
mantenimiento y la producción (crecimiento y reproducción); y ii) las características 
prácticas de la alimentación, que son los aspectos concretos relacionados con el 
suministro de dichos nutrientes bien mediante alimento vivo o piensos artificiales. 
Un aspecto clave a considerar en el ámbito de la nutrición es la forma en que los 
ingredientes del alimento son procesados en el aparato digestivo mediante el proceso de 
digestión. Las características bioquímicas de dicho proceso, los factores que influyen en 
su eficiencia y la medida de dicha eficiencia resultan aspectos fundamentales que deben 
ser evaluados siempre que se pretende poner en cultivo una especie y desarrollar por 
tanto una alimentación adecuada a la misma. 
La digestión es una combinación de procesos físicos (trituración, solubilización 
y mezcla), químicos (acidificación) y enzimáticos (rotura específica de macromoléculas 
para permitir su absorción por los enterocitos) que comienza cuando el alimento entra 
por la boca y termina con la excreción de heces (Bakke y cols., 2010).  
En el estómago de los peces, a diferencia de lo que ocurre en los mamíferos, la 
secreción tanto de HCl como de pepsinógeno es llevada a cabo por un único tipo de 
células: las células oxinticopépticas. La secreción de ácido al estómago está sometida a 
control nervioso y hormonal (Steffens, 1987; Moyle y Cech, 2000) y se produce cuando 
el alimento está presente. El ácido desnaturaliza proteínas y rompe carbohidratos, 
degrada estructuras celulares, emulsiona lípidos, y facilita la actuación de enzimas 
gástricas (i.e. pepsinas, lipasas y quitinasas), tanto por aumentar la superficie de 
actuación de las mismas como por incrementar su actividad a pHs ácidos (Chakrabarti y 
cols., 1995). Sin embargo, en el intestino proximal se produce una secreción de 
bicarbonato producido por las células acinares del páncreas exocrino. Esta secreción 
tiene como finalidad neutralizar el pH del bolo alimenticio procedente del estómago 
para facilitar la actuación de las enzimas digestivas en el intestino que poseen máximos 
de actividad a pHs básicos, a la vez de proteger al enterocito del pH ácido (Steffens, 




Las enzimas digestivas permiten que los nutrientes del alimento se transformen 
en compuestos más sencillos que puedan ser absorbidos por el enterocito mientras el 
alimento es transportando a lo largo del sistema digestivo. La digestión enzimática en 
peces, a diferencia de lo que ocurre en otros vertebrados, comienza en el estómago (o en 
el intestino anterior en los peces sin estómago), puesto que el moco secretado en boca y 
faringe no contiene enzimas. Existen tres ubicaciones donde actúan las enzimas 
digestivas en peces: 
a) Enzimas secretadas a la luz del tracto digestivo. 
b) Enzimas que actúan ligadas a las membranas de microvellosidades. Son de 
origen intestinal y tienen su marco de actuación cerca de los sistemas de 
transporte que aseguran la absorción de sus productos por parte del enterocito. 
Estas enzimas degradan fragmentos de macromoléculas filtradas por el glicocálix. 
c) Enzimas digestivas intracelulares localizadas en los lisosomas del enterocito. 
Las principales enzimas secretadas en peces se dividen en 4 grandes grupos: 
proteasas, glucosidasas, lipasas y nucleasas (Tabla 4, ver página siguiente) y gracias a 
las mismas, las proteínas se hidrolizan hasta aminoácidos libres o cadenas de pequeños 
péptidos, los carbohidratos se rompen hasta azúcares simples y las grasas se 
descomponen en ácidos grasos y glicerol. 
El equipamiento de las enzimas digestivas no es el mismo en todas las especies 
de peces, así la actividad pepsina no aparece en peces sin estómago, mientras que la 
actividad quitinasa sólo está presente en algunas especies. Además, la actividad puede 
variar con la edad del pez, el estado fisiológico o la época del año (Chan y cols., 2004; 
Falcón-Hidalgo y cols., 2011). 
La temperatura es uno de los principales parámetros que influye en la utilización 
del alimento por los peces ya desde los primeros estadíos del desarrollo (De la Higuera 
y Cardenete, 1993). De un lado, la temperatura afecta a la ingesta voluntaria de 
alimento, lo que, a su vez, modifica la actividad metabólica del pez. En general, cuando 
la temperatura supera este óptimo, la ingesta sigue siendo elevada durante un tiempo 
antes de caer bruscamente al alcanzar un cierto umbral térmico; si la temperatura 
disminuye, la ingesta se vuelve progresivamente más baja hasta alcanzar otro umbral, 
tras el cual el pez deja de comer (González-Mayor, 2007). Por tanto, para cada especie, 
existe un óptimo termal al cual la ingesta es máxima (Reig, 2001). Por otro lado, cada 





existe una rápida y fuerte disminución de la actividad. Dentro de dicho rango la 
secreción y la actividad enzimática se incrementan con el aumento de la temperatura. 
Las enzimas digestivas de peces pueden sufrir procesos de aclimatación a bajas 
temperaturas, haciendo que el máximo de actividad se desplace, respondiendo de forma 
más rápida al aumento de temperatura. 
Tabla 4. Características de las principales enzimas digestivas en peces. 
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La eficiencia del proceso de digestión sobre el conjunto del alimento o sobre un 
nutriente dado se evalúa mediante la determinación de la digestibilidad, siendo el primer 
paso para la evaluación de un insumo en dietas para especies acuícolas (Allan y cols., 
2000). Mediante este parámetro se puede medir el aprovechamiento de un alimento, es 
decir, la facilidad con que es convertido en sustancias útiles para la nutrición. Por tanto, 
la digestibilidad es considerada un indicador de la calidad de la materia prima, que varía 
entre especies con distinto hábito alimenticio y depende de factores como la edad, el 
estado fisiológico, salinidad o temperatura (Manríquez, 1994).  
Debido a que la proteína es el nutriente principal en los alimentos para teleósteos 




la fracción proteica del alimento. Sin embargo, las técnicas utilizadas rutinariamente 
para su determinación in vivo presentan importantes limitaciones para su aplicación que 
vienen determinadas fundamentalmente por las dificultades en la recolección de 
muestras fecales no degradadas en cantidad suficiente (Choubert y cols., 1979; Cho y 
cols., 1982, Vandenberg y De la Nouee, 2001). Por ello, resulta de gran interés la 
evaluación de metodologías alternativas que permitan realizar estimaciones fiables 
sobre la biodisponibilidad potencial de los principales nutrientes; entre ellas cabe 
destacar los ensayos de digestibilidad in vitro. Estos ensayos consisten en someter las 
proteínas a una digestión en condiciones controladas por enzimas proteolíticas, tanto 
ácidas como básicas.  
Los ensayos de hidrólisis de macronutrientes en condiciones controladas y en 
presencia de enzimas digestivas de la especie en cuestión son habituales en las especies 
terrestres (Messman y Weiss, 1994) y se perfilan como una herramienta cada vez más 
útil en las especies acuáticas (Moyano y cols., 2014). Actualmente, para estudios de 
nutrición en animales terrestres se utilizan técnicas in vitro como alternativa a los 
métodos de digestibilidad in vivo ya que son rápidas, seguras y no tienen las 
restricciones éticas de los métodos in vivo (Boissen y Eggum, 1991). Por estas razones, 
dichas técnicas han sido usadas en la medida de la digestibilidad de piensos para 
distintas especies acuáticas (Alarcón y cols., 1999) y recientemente se han mejorado las 
condiciones operativas para desarrollar este tipo de ensayos en peces adultos utilizando 
un reactor con membrana semipermeable (Hamdan y cols., 2009). Los ensayos de 
digestibilidad in vitro se plantean como alternativa y/o complemento para evaluar la 
calidad nutritiva de los ingredientes o piensos. Estudios recientes muestran que los 
métodos de experimentación in vitro que emplean una combinación adecuada de las 
propias enzimas proteolíticas del organismo a un pH óptimo, temperatura correcta y 
tiempo de incubación necesarios, son eficaces para contrastar con los ensayos 
tradicionales in vivo (Lemos y Nunes, 2007; Hamdan y cols., 2009). 
3.2. Metabolismo intermediario en peces teleósteos 
Las rutas metabólicas estudiadas en peces teleósteos son similares a las de los 
mamíferos, sin embargo, existen diferencias en cuanto a la presencia e importancia 
fisiológica de alguna de ellas (Walton y Cowey, 1982). La distribución de los 





referente a glúcidos y proteínas (Mommsen y Walsh, 1992), difiriendo para los lípidos 
(Sheridan, 1988). Así, los peces consumen proteínas para obtener aminoácidos y cuando 
estas se hidrolizan, el animal obtiene los aminoácidos libres que son el producto final de 
la proteína (NRC, 1993). Estos aminoácidos son absorbidos en el tracto gastrointestinal 
y distribuidos por la sangre a los diferentes órganos y tejidos, donde serán usados para 
sintetizar/reemplazar proteínas, y para funcionar como componentes estructurales o 
enzimas. Los aminoácidos en exceso son degradados en grupos ceto-ácidos (esqueletos 
de carbono) y amonio. Posteriormente, estos ceto-ácidos pueden ser utilizados para la 
síntesis de lípidos, carbohidratos y aminoácidos no esenciales (Weatherley y Gill, 1989; 
Hepher, 1988). Los lípidos serán la principal reserva energética y los carbohidratos la 
principal fuente de energía inmediata (Fernández y Blasco, 1993). 
El primer paso en el catabolismo de aminoácidos consiste en una reacción de 
transaminación que tiene lugar en el citoplasma celular, donde el grupo amino es 
transferido al α-cetoglutarato para originar glutamato. Las transaminasas más 
importantes son la alanina aminotransferasa (GPT) y la aspartato aminotransferasa 
(GOT) (Al-Khashali y Al-Shawi, 2013). El glutamato obtenido va a regenerar el α-
cetoglutarato liberando ión amonio por acción de la enzima glutamato deshidrogenasa 
(GDH) de origen mitocondrial. La GDH se encuentra en mayor concentración en el 
hígado de peces que en el de vertebrados superiores, teniendo por tanto una gran 
importancia en la oxidación de aminoácidos (Mommsen y cols., 1999). 
Glucolisis 
La glucólisis es la vía principal del catabolismo de la glucosa. Mediante la 
actuación de las enzimas que componen esta vía, la glucosa va a sufrir oxidaciones 
graduales hasta su transformación en piruvato y producción de ATP. La glucosa 
hepática procede de la degradación del glucógeno hepático por acción de la glucógeno 
fosforilasa o de la internalización de la glucosa sanguínea. El primer paso consiste en la 
fosforilación de la glucosa por la hexoquinasa (HK) y por la fosfofructoquinasa. A 
continuación, la molécula de 6 carbonos va a escindirse en dos moléculas de triosa, las 
cuales mediante dos procesos de fosforilación a nivel de sustrato llevados a cabo por las 
enzimas fosfoglicerato quinasa y piruvato quinasa (PK) van a generar dos moléculas de 
ATP obtenidas en ausencia de oxígeno. Durante la oxidación de la glucosa, el NAD
+
 es 
reducido a NADH. Puesto que la concentración de NAD
+




requiere una regeneración del mismo para que la glucólisis continúe. En el músculo es 
regenerado por acción de la lactato deshidrogenasa (LDH) en condiciones anaerobias, 
pero a nivel hepático el balance redox se mantiene por acción de la cadena de transporte 
electrónico mitocondrial (Guillaume y cols., 1999).  
Vía de las pentosas fosfato 
Esta vía metabólica comienza a nivel de la glucosa 6 fosfato, mediante la acción 
de la glucosa-6 fosfato deshidrogenasa (G6PDH). Su papel fisiológico principal es la 
producción de NADPH necesario para procesos biosintéticos, fundamentalmente de 
ácidos grasos insaturados y esteroides. Igualmente, genera ribosa, necesaria para la 
síntesis de nucleótidos. Además de su papel reductor en la biosíntesis de moléculas, el 
NADPH proporciona protección celular frente a radicales libres (Guillaume y cols., 
1999; Laiz-Carrión y cols., 2002).  
Glucogenolisis  
La glucogenolisis es un proceso catabólico llevado a cabo en el citosol. Consiste 
en la remoción de un monómero de glucosa de una molécula de glucógeno mediante 
fosforilación para producir glucosa-1-fosfato que se convertirá en glucosa-6-fosfato, 
intermediario de la glucolisis. El glucógeno es la principal forma de reserva de glucosa, 
almacenándose en el hígado y en menor grado en otros tejidos, como el músculo 
(Mommsen y Plisetskaya, 1991). Este proceso requiere un grupo específico de enzimas 
citosólicas: la glucógeno fosforilasa (GPasa, la fosfoglucomutasa y la glucosil 
transferasa). 
Gluconeogénesis 
La dieta de los peces teleósteos suele ser pobre en carbohidratos, por ello, la 
gluconeogénesis es el proceso metabólico encargado de suministrar la cantidad de 
glucosa necesaria a los tejidos (Christiansen y Klungsoyr, 1987). El glucógeno hepático 
se sintetiza a partir de la glucosa incorporada desde la sangre. La síntesis de novo de 
glucosa a partir de aminoácidos gluconeogénicos y malato es llevada a cabo en parte 
siguiendo las reacciones reversibles de la glucólisis. Existen tres reacciones irreversibles 
catalizadas por la HK, fosfofructoquinasa y la PK en la glicolisis que requieren enzimas 





actuación de la fructosa-1,6-bifosfatasa (FBPasa) que cataliza la transformación de 
fructosa-1,6-bifosfato en fructosa 6-fosfato (Guillaume y cols., 1999). 
Ruta del glicerol 
La glicerol-3-fosfato deshidrogenasa (G3PDH) se encarga de formar glicerol-3-
fosfato a partir de un intermediario glicolítico, la dihidroxiacetona fosfato. Es un paso 
previo en la gluconeogénesis. Además, esta reacción forma parte de la lanzadera del 
glicerol-3-fosfato, que es una de las formas de introducir electrones del NADH en la 
cadena respiratoria (Crabtree y Newsholme, 1972). 
3.3. Crecimiento en peces teleósteos 
El crecimiento somático es un proceso biológico intrínsecamente ligado al 
desarrollo del organismo, pudiendo ser indicador de su estado fisiológico ya que está 
relacionado con la habilidad para adquirir y asimilar el alimento, manteniendo la 
homeostasis y regulando el metabolismo. El crecimiento en vertebrados está bajo 
control genético, viéndose afectado por factores ambientales abióticos (i.e. temperatura, 
fotoperiodo, salinidad) y la disponibilidad de alimento. Los estímulos externos y las 
condiciones fisiológicas internas son procesados e integrados en el sistema nervioso 
central, y transmitidos a los órganos endocrinos, incluyendo el hipotálamo y la glándula 
hipofisaria, entre otros, que liberan hormonas que controlan dicho proceso de 
crecimiento. 
El sistema endocrino es el encargado de la regulación de diferentes procesos 
fisiológicos, entre los que se encuentran el crecimiento. Las principales hormonas que 
componen este sistema son la hormona del crecimiento (GH) y el factor de crecimiento 
insulínico tipo I (IGF-I). La GH es sintetizada por la hipófisis, principalmente bajo la 
regulación de previos neuropéptidos. Los receptores de esta hormona, que se encuentran 
en el hígado, son los encargados de sintetizar la IGF-I, que es uno de los principales 
mediadores del crecimiento en vertebrados (Moriyamay cols., 2000; Canosa y cols., 
2007). En peces, como en mamíferos, la regulación endocrina del crecimiento está bajo 
el control del “eje somatotrópico”, el cual incluye, entre otras hormonas, la hormona del 
crecimiento (GH) y somatomedinas (IGF-I e IGF-II) (Björnsson, 1998; Pérez-Sánchez, 




3.4. Influencia de la salinidad en la digestión, metabolismo y crecimiento de los 
teleósteos 
Los peces eurihalinos como la liseta pueden vivir en amplios rangos de 
salinidad, manteniendo la homeostasis interna y el balance iónico. Para ello, deben 
beber agua para compensar la pérdida osmótica en ambientes hiperosmóticos y excretar 
abundante orina diluida en ambientes hipoosmóticos (Eckert y cols., 2001). En los 
teleósteos marinos, el agua y los iones monovalentes, principalmente sodio y cloruro, 
son absorbidos a través de la pared intestinal dejando la mayor parte de iones 
polivalentes, magnesio, sulfato, fosfato y calcio concentrados en el lumen intestinal 
(Gregório y cols., 2013). La ingesta de agua de mar, siendo alcalina (pH ~ 8.0), puede 
alterar las condiciones físico-químicas en dicho lumen (Usher y cols., 1990) y puede 
ejercer una acción directa sobre el rendimiento de las enzimas digestivas (Boeuf y 
Payan, 2001). Existen estudios que han descrito alteraciones de las enzimas digestivas 
en respuesta a cambios de la salinidad ambiental, lo cual repercute en la digestibilidad y, 
en consecuencia, en la eficacia de la conversión del alimento (Barman y cols., 2005; 
Bolasina y cols., 2007; Sandoval-Muy y cols., 2012). La mayoría de estos estudios 
describen que la tasa de ingestión aumenta en salinidades intermedias, pero los 
mecanismos subyacentes siguen siendo un tema de debate, ya que son muchos los 
factores que pueden estar involucrados. 
La salinidad es uno de los factores que modulan el crecimiento. En acuicultura, 
este factor es susceptible de ser modificado con el fin de optimizar las condiciones de 
cultivo y, así, obtener el mayor crecimiento de la especie (Boeuf y Payan, 2001; Laiz-
Carrión y cols., 2005). Los teleósteos eurihalinos pueden soportar amplios rangos de 
salinidad, presentando diferentes estrategias osmorreguladoras: a) en ambientes marinos 
son hipoosmóticos (menor osmolalidad plasmática) e hipoiónicos (menor concentración 
iónica) respecto al ambiente, lo que origina una pérdida osmótica de agua y una 
ganancia pasiva de iones; mientras b) en ambientes dulceacuícolas son hiperosmóticos 
(mayor osmolalidad plasmática) e hiperiónicos (mayor concentración iónica) respecto al 
medio ambiente, lo que induce una ganancia osmótica de agua y una pérdida de iones 
por difusión. 
Existen estudios que han demostrado la influencia de la salinidad ambiental 
sobre el crecimiento de los teleósteos eurihalinos de interés en acuicultura (Boeuf y 





dorada crecen mejor en las salinidades intermedias (12 ‰), cercanas al punto 
isoosmótico del medio interno de esta especie, en comparación con el agua del mar (38 
‰) o agua de baja salinidad (6 ‰). Por el contrario, Arjona y cols mostraron en 2009 
que los juveniles inmaduros de lenguado crecen de forma similar en salinidades de 25 y 
39 ‰, mientras que en la salinidad cercana al punto isoosmótico (15 ‰) crecen peor. 
De esta forma, la salinidad óptima de cultivo va a depender de la especie estudiada, 
aunque la mayoría de los estudios reflejan un mayor crecimiento en las salinidades 
cercanas al punto isoosmótico (Boeuf y Payan, 2001), aunque este hecho es dependiente 
de la especie analizada (Ruiz-Jarabo y cols., 2015). 
Los miembros de la familia Mugilidae, incluido C. labrosus, son eurihalinos 
tolerando un amplio rango de salinidades ambientales (Hotos y Vlahos, 1998; Nordlie, 
2016). Las condiciones más favorables para un crecimiento óptimo se dan en aguas 
salobres (Cardona y Castelló-Orvay, 1997; Calderer-Reig, 1993). Sin embargo, largos 
periodos en agua dulce pueden inducir la muerte de los especímenes al ser incapaz de 
mantener parámetros osmorreguladores (i.e. osmolalidad y concentración de iones) 
estables (Lasserre y Gallis, 1975). 
El hecho de que exista un mejor crecimiento a determinadas salinidades 
ambientales puede deberse a: i) la existencia de una tasa metabólica estándar menor en 
salinidades cercanas al punto isoosmótico, lo que supone un menor coste energético y 
una mayor cantidad de energía disponible para el crecimiento (Soengas y cols., 2007); 
ii) un aumento de la ingestión de alimento o de la eficacia en la conversión del mismo 
(Boeuf y Payan, 2001); iii) la estimulación hormonal, ya que algunos estudios apuntan a 
la implicación de hormonas tanto en procesos osmorreguladores como de crecimiento. 
En este sentido, la GH interviene en los procesos hipoosmorreguladores de algunas 
especies, apareciendo en concentraciones relativamente elevadas en los ejemplares 
eurihalinos que habitan ambientes isoosmóticos y favoreciendo su crecimiento 




4. OBJETIVOS Y PLANTEAMIENTO  
Los Objetivos Principales de la presente Tesis Doctoral son dos: 
1. Incrementar el conocimiento sobre los efectos que algunas características del cultivo 
de la liseta Chelon labrosus en su medio natural (variaciones estacionales en salinidad o 
disponibilidad de alimento propias de un estero) pueden tener sobre el metabolismo 
general. Con ello se pretende establecer hasta qué punto se trata de una especie 
potencialmente interesante para su cultivo en sistemas extensivos o semiextensivos.  
2. Profundizar en el conocimiento de su bioquímica digestiva con objeto de determinar 
los rasgos principales de la misma y su relación con los sustratos preferentes que están 
presentes en su alimentación. Esto permitirá orientar tanto la composición y tipo de 
ingredientes a utilizar en piensos para la especie, como las posibles pautas de 
alimentación.  
Para ello, en esta Tesis Doctoral se analizará la fisiología digestiva de C. 
labrosus y la posible influencia en la actividad de las principales enzimas digestivas 
frente a variaciones en factores intrínsecos (edad) o extrínsecos (pautas de alimentación, 
salinidad). Además, se determinarán las posibles modificaciones del metabolismo 
intermediario y del sistema osmorregulador debido a variaciones en la salinidad 
ambiental. 
El estudio de tales aspectos se abordará en cada uno de los capítulos que a 
continuación se detallan: 
- Capítulo 2: Está enfocado a evaluar los posibles cambios en el perfil enzimático 
digestivo en función de la edad de los individuos. Para ello se analizan la actividad 
pepsina, tripsina, quimotripsina, alfa-amilasa y lipasa, así como su óptimo y estabilidad 
de pH y temperatura, en extractos digestivos de liseta, 
- Capítulo 3: Orientado a determinar mediante dos aproximaciones metodológicas en 
qué medida la salinidad ambiental puede influir en la eficiencia de la hidrólisis 
enzimática (proteasas alcalinas). En la primera aproximación se emplean técnicas 
genómicas y de bioquímica clásica para evaluar la expresión y actividad de enzimas 
digestivas en ejemplares de liseta adaptados a diferentes salinidades (0, 12, 40 y 55 ppt). 





simulando diferentes salinidades ambientales con objeto de establecer posibles 
diferencias en la eficiencia neta del proceso. 
- Capítulo 4: En él se estudia la influencia de la salinidad ambiental sobre el 
metabolismo para determinar el rango de eurihalinidad de la especie, así como la 
salinidad óptima de cultivo. Se analizaron tanto indicadores metabólicos como 
implicados en la osmorregulación en peces adaptados a las distintas salinidades 
ambientales antes señaladas (0, 12, 40 y 55 ppt). 
- Capítulo 5: Se orienta a evaluar los efectos de un ayuno moderado tanto sobre la 
bioquímica digestiva como sobre el metabolismo, empleando técnicas bioquímicas 
clásicas y herramientas genómicas (expresión de las secuencias de ARNm de algunas 
hormonas implicadas en el sistema endocrino, tales como GH e IGF-I). 
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Activities of pepsin, trypsin, chymotrypsin, alpha-amylase and lipase, as well as 
their optimal and stability to pH and temperature, were determined in digestive extracts 
of thick-lipped grey mullet, Chelon labrosus, of three different sizes: Group 1 (45.2 ± 
3.0 g), Group 2 (180.9 ± 4.2 g), and Group 3 (328.5 ± 43.3 g). SDS-PAGE zymograms 
were also used to assess the role of serine proteases in the digestive tract of C. labrosus. 
On the other hand, possible changes in the digestive enzyme profile of C. labrosus 
during development were evidenced, with a comparatively lower pepsin activity, higher 
activities of alkaline proteases and alpha-amylase and no lipase activity recorded in 
Group 3 specimens. It is suggested that these variations are linked to the changes in diet 











Se determinó la actividad pepsina, tripsina, quimotripsina, alfa-amilasa y lipasa, 
así como su óptimo y estabilidad de pH y temperatura, en extractos digestivos de liseta, 
Chelon labrosus, en tres tamaños diferentes: Grupo 1 (45.2 ± 3.0 g), Grupo 2 (180.9 ± 
4.2 g), y Grupo 3 (328.5 ± 43.3 g). Además, se utilizó un zimograma SDS-PAGE para 
evaluar el papel de las serinas en el tracto digestive de C. labrosus. Por otro lado, fueron 
evidenciados los posibles cambios en el perfil de enzimas digestivas de C. labrosus 
durante su desarrollo. con una actividad pepsina comparativamente más baja, elevada 
actividad de proteasas alcalinas y alfa-amilasa, y ningún registro de actividad lipasa en 
los especímenes de mayor tamaño. Esto sugiere que estas variaciones están ligadas a 
cambios en la composición de la dieta con el tamaño, pasando de tener un hábito 
alimenticio parcialmente carnívoro a una alimentación más herbívora. 
 
  





As occurs with other vertebrates, fish are conventionally classified as carnivores, 
omnivores and herbivores based on their food preferences. These are linked to the 
adaptation of their digestive physiology to obtain the highest nutritional value from 
available food (Chakrabarti et al., 1995). In cultured fish, their successful rearing relies 
to a great extent on a detailed knowledge about feeding habits, nutritional requirements 
and digestive capabilities of the different species. Therefore, the study of digestive 
physiology is a key issue to obtain valuable information on factors that affect the net 
efficiency of food transformation. One of the most important aspects is the evaluation of 
types and functional features of digestive enzymes involved in the hydrolysis of the 
main nutrients. For this reason, a great number of recent studies have been oriented to 
the evaluation of different aspects of digestive biochemistry in cultured fish species 
(Sáenz de Rodrigáñez et al., 2005; Suzer et al., 2007; Nikolopoulou et al., 2011). Most 
of these descriptive studies are focused into the proteases (Alarcón et al., 1998; Yetty et 
al., 2004; Golovanova et al., 2007), while information on other enzymes like 
carbohydrases or lipases is scarcer (Hidalgo et al., 1999; Fernández et al., 2001). 
The thick-lipped grey mullet (Chelon labrosus) is beginning to be considered a 
potential candidate for Mediterranean aquaculture since it is a commercially valuable 
species in many local markets that may represent an alternative to the production of sea 
bream and sea bass (Cardona, 2006). It presents high growth rates and tolerance to great 
variations in salinity and temperature as well as in food availability. Mullets have been 
described as omnivorous during their early stages with a trend to become herbivorous 
with age (Wassef et al., 2001). This change in feeding habits has been described also in 
C. labrosus, which are zooplanktophagus during the early stages and phytobentonic in 
adult stages (Albertini-Berhaut, 1973; Castel, 1985; Tosi &Torricelli, 1988). However, 
it is unclear to what extent this variation in feeding habits is linked to changes in the 
digestive biochemistry of the species. 
The aim of this work was to assess the activity and functional characteristics of 
some key digestive enzymes (stomach and intestinal proteases, alpha-amylase and 
lipase) in juveniles of C. labrosus, as well as of possible changes in their relative 
importance with age. The information obtained is considered highly valuable for the 






2. MATERIALS AND METHODS 
2.1. Animals and biological samples 
The study was carried out at the facilities of IFAPA “El Toruño” (El Puerto de 
Santa María, Cádiz, Spain). Fish were obtained from different spawns of wild animals 
maintained in captivity from 10/03/2008. Juvenile thick-lipped grey mullet (Chelon 
labrosus, Risso 1827) (n = 33) were classified into three groups of different weight: i) 
Group 1 (45.2 ± 3.0 g), ii) Group 2 (180.9 ± 4.2 g), and iii) Group 3 (328.5 ± 43.3 g). 
The main characterization of enzyme activities was carried out in Group 2. Fish were 
fed ad libitum with automatic feeders that distribute the feed for 24 hours. All groups 
were fed with commercial diets: Groups 1 and 2 with Microbaq-8 (Dibaq, Spain) and 
Group 3 with a mix of Microbaq-8 and Tilapia-V (1:1) (Dibaq, Spain). Specimens were 
fasted during 24 hours before the sampling. Few minutes before the sampling a small 
amount of feed was added to trigger secretion of digestive enzymes. Samples of the 
digestive tracts were obtained by dissection of the fish (n = 11, per group) after 
anaesthetizing them by immersion in ice-cold water containing a few drops of clove oil. 
The digestive tract of each specimen was separated into stomach and proximal intestine 
(this representing about one third of total gut length) and freeze-dried until being used 
for preparation of enzyme extracts. All experimental procedures complied with the 
Guidelines of the European Union (2010/63/UE) and the Spanish legislation 
(RD53/2013 and law 32/2007) for the use of laboratory animals. 
2.2. Enzymatic activities 
Samples of the selected tissues were homogenized in distilled water (1:5) and 
centrifuged (12000 x g, 4 ºC; 15 min).  Supernatants were immediately used for the 
assay of stomach pepsin, total intestinal protease, lipase and activities. Concentration of 
soluble protein in samples was determined by Bradford method using bovine serum 
albumin (1 mg mL
-1
) as a standard.  
Pepsin activity was determined by the method of Anson (1938): 20 µL of 
extracts were mixed to 1 mL of 0.5 % acid-denatured bovine haemoglobin diluted in 0.1 
M HCl-glycine buffer (pH 2.0). After incubation at 37 ºC for 30 min, the reaction was 
stopped by adding 0.5 mL of 20 % trichloroacetic acid (TCA) and cooled at 4 ºC during 
15 min. Then, centrifuged at 8000 g for 10 min. The absorbance of the resulting 




supernatant was measured at 280 nm. Blanks were constructed by adding TCA just after 
enzyme extracts to the reaction mixture. 
Total alkaline protease activity of the extracts was measured using the casein 
method of Kunitz (1947) as modified by Walter (1984). The activity was determined by 
incubating 10 µL of crude enzyme extract with 500 µL of 0.1 M Tris-HCl and 0.01 M 
CaCl2 buffer pH 9. The reaction mixture was incubated for 30 min at 37 ºC and stopped 
by adding 0.5 mL of TCA (20 %) to each reaction tube. The rest of the procedure was 
similar to that described for acid protease activity.  
Trypsin activity was measured using 1.25 mM BApNA in 0.2 M Tris-HCl, 20 
mM CaCl2, pH 8.4. Chymotrypsin activity was measured with 0.1 mM SApNA in the 
same buffer. Substrate stock solutions of BApNA (125 mM) and SApNA (10 mM) were 
prepared in DMSO and brought to working concentration by diluting with buffer prior 
to assaying. In 96-well microplate, 10 µL of enzyme extract were mixed with 200 µL of 
respective substrate, and liberation of p-nitroaniline was kinetically followed at 405 nm 
in a microplate reader Multiscan EX (Thermolab Systems).  
Lipase activity was measured using β-naphthyl caprylate as substrate. The assay 
mixture contained: 100 µL of 100 mM sodium taurocholate, 900 µL of 50 mM Tris-HCl 
pH 7.5, 10 µL enzyme extract, and 10 µL of substrate stock solution (100 mM). The 
reaction was maintained for 30 min at 37 ºC and after this time 10 µL of 100 mM Fast 
Blue BB in DMSO were added. The reaction was then stopped with 100 µL TCA 12 %. 
Finally, 1.35 mL of 1:1 (v:v) ethyl acetate/ethanol solution was added and absorbance 
recorded at 510 nm.  
Activity of alpha-amylase was measured according to the Somogy-Nelson 
method using soluble starch (2:5 w:v) as substrate, as described in Robyt & Whelan 
(1968). Briefly, 20 µL of enzyme extract and 125 µL of citrate buffer pH 5 were 
incubated with 125 µL of substrate for 30 min. Activities were measured by calculating 
the reducing sugars released at 600 nm. 
All the assays were performed in triplicate. The activities of all the enzymes 







2.3. Effect of pH and temperature on enzymatic activities and stability 
Optimal pH for all enzymatic activities were determined using the methods 
previously described and doing measures at different pH ranges: 1 to 5 for pepsin, 6 to 
11 for total alkaline protease, 6 to 9 for lipase and 4 to 9 for alpha-amylase. A mix of 
extracts from different groups was used to analyse the optimal pH. 
Optimal temperature was determined for all the enzymes in a range from 10 to 
50ºC. The effect of pH on stability of the digestive enzymes was determined by 
preincubation of extracts at different pHs for 0-60 min prior to assaying residual activity 
at the optimal pH for each enzyme. In a similar way, the influence of temperature on the 
stability of the enzymes was assayed by preincubation extracts at different temperatures 
for various time intervals and after measuring residual activity at 25 ºC. The same 
extracts were used as for the optimal pH. 
2.4. Identification of alkaline proteases 
The type of alkaline proteases present in intestinal extracts was characterized by 
the use of specific protease inhibitors; soybean trypsin inhibitor (SBTI), phenyl-
methylsulfonyl fluoride (PMSF), Nα-p-tosyl-L-lysin chloro-methyl ketone (TLCK), N-
CBZ-L-phenyl chloromethyl ketone (ZPCK), 1,10-phenaltroline (1,10-Ph) and 
ethylendiamine tetra acetate (EDTA). The mixture enzyme:inhibitor was incubated for 
60 min at room temperature and then assayed using appropriate substrate as above. 
Enzyme extracts incubated with buffer instead of inhibitors were used as controls being 
inhibition expressed as a percentage of total enzyme activity.   
2.5. Electrophoresis and zymograms of alkaline proteases 
Susbrate-SDS-PAGE zymograms were used to complement the above-
mentioned characterization as well as to assess the presence of protease isoforms on 
intestinal extracts of C. labrosus following the procedure described by García-Carreño 
et al., (1993). Samples of the enzyme extract were incubated with the different 
inhibitors (5:5) for 60 min at 25 ºC prior to be loaded into the gel. Electrophoresis was 
run at 15 mA and 2 ºC in a vertical chamber (Hoeffer SE260, 8 x 10 x 0.75 cm). The gel 
was then immersed in 3 % casein solution for 45 min at 4 ºC and thereafter, the 
temperature was raised to 37 ºC for an additional 90 min. The gel was thoroughly 




washed with distilled water, fixed in TCA 12 % for 20 min, stained with 0.05 % 
Coomassie Brillant Blue in 40 % methanol, 7 % acetic acid, and finally distained with 
the same solution without dye. Molecular mass markers (14-97 kDa, Pharmacia) were 
as a reference. 
2.6. Statistical analysis 
Statistical differences were analysed by one-way ANOVA with size (Group 1, 
Group 2 and Group 3) as main factor, followed by post-hoc comparison made with the 
Tukey’s test where appropriate. Significance was established at P < 0.05. The Software 
packages Statistica 10.0 Soft, Inc. and GraphPad Prims 6.01 Soft were used for the 
analysis. 
3. RESULTS 
3.1. Optimal pH and temperature as well as stability of enzymatic activities 
Optimal pH and temperature for the different enzyme activities evaluated are 
resumed in Table 5. The value determined for pepsin was 2.5 and 8-9 for total alkaline 
protease. Lipase and alpha-amylase activities showed maximum activity over the range 
of pH 7-8. Maximum activity for all the different enzymes was measured in the 
temperature range from 40 to 50 ºC. 
Table 5. Optimal pH and temperature for digestive enzymes activities in the thick-lipped grey mullet C. 
labrosus. 
Enzyme activity Optimal pH Optimal T (ºC) 
Max. Activity 
(U/mg protein) 
Pepsin 2.5 40 811.9 
Total alkaline protease 8-9 50 1033.9 
Lipase 7 40 0.0214 
Alpha-amylase 8 40 32.9 
Stability of pepsin activity after incubation at different pH is shown in Figure 
8A. Preincubation at pH values different from its measured optimum decreased the 
activity by nearly 40 % after only 30 min incubation, while an activity enhancement 
































































Figure 8. Stability of pepsin activity from digestive gland of C. labrosus incubated at different pH (A) 
and temperatures (ºC) (B). 
 In contrast, no effect of preincubation at different pH ranging from 7 to 10 was 
observed in the alkaline proteases activity (Figure 9A). The effect on alpha-amylase was 
negligible with the exception of the observed reduction by 40 % after 1 h incubation at 
pH 9.0 (Figure 10A).  


















































































Figure 9. Stability of total alkaline protease activity from digestive gland of C. labrosus incubated at 
different pH (A) and temperatures (ºC) (B). 
No clear effect of preincubation at different temperatures was observed in the 
case of pepsin activity (Figure 8B) and total alkaline protease activity (Figure 9B) but in 
contrast, a clear reduction was measured in alpha-amylase activity whit temperatures 











































































Figure 10. Stability of alpha-amylase activity from digestive gland of C. labrosus incubated at different 
pH (A) and temperatures (ºC) (B). 
3.2. Identification of alkaline proteases 
The effect of different specific inhibitors on casenolytic activity present in 
extracts is resumed in Table 6. 
   




Table 6. Effect of inhibitors on caseinolytic activity of digestive gland extracts of C.labrosus. The 
hydrolysis of casein without previous incubation of the crude extract with inhibitor was referred as 100 
%. SBTI: Soybean trypsin inhibitor; PMSF: Phenyl-methylsulfonyl fluoride; TLCK: Nα-p-tosyl-L-lysin 
chloro-methyl ketone; ZPCK: N-CBZ-L-phenyl chloromethyl ketone; 1,10-Ph: 1,10-phenantroline; 
EDTA: ethylendiamine tetra acetate. 
Protease inhibitor Target % of inhibition Concentration 
SBTI Serin proteases 56.4 ± 2.7 5 µM 
PMSF Serin proteases 86.9 ± 1.7 2 mM 
TLCK Trypsin 90.1 ± 0.9 200 µM 
ZPCK Chymotrypsin 13.7 ± 1.3 200 µM 
1,10-Ph Metallo-proteases 3.5 ± 0.9 4 mM 
EDTA Metallo-proteases 3.2 ± 1.3 10 mM 
The higher inhibition was obtained with specific inhibitors for trypsin TLCK (90 
%), and for serine proteases PMSF (87 %) and SBTI (56 %). The use of the specific 
inhibitor for chymotrypsin ZPCK resulted in a low inhibition of less than 14% and even 
lower values were obtained when using inhibitors for metallo-proteases, 1, 10-
phenantrioline and EDTA. These results were confirmed by those presented in the 
zymogram (Figure 11) on which the main protease bands corresponding to a molecular 
mass in the range from 66 to 70 kDa disappear in the presence of either TLCK or PMSF 













Figure 11. 11.5 % substrate SDS-PAGE showing casenolytic activity bands in gastric juice of C. 
labrosus and inhibition by specific inhibitors for serine proteases (SBTI, PMSF), trypsin (TLCK), 
chymotrypsin (ZPCK) and metallo-proteases (1,10-Ph, EDTA). MWM: Molecular weight; Ctrol: Control 
in absence of inhibitors. 
3.3. Differences in enzyme activities at different ages 
Specimens from Group 1 showed significantly higher activity of pepsin per g 
weight than those from Group 3, but in contrast, those latter presented a much higher 
activity of alkaline proteases. Both trypsin and chymotrypsin activities enhanced in 
Group 3 specimens respect to Groups 1 and 2 stages. No significant difference in alpha-
amylase activity was observed among groups while the activity of lipase was almost 
undetectable (Table 7). The activities of the enzymes, either expressed as U/g tissue or 
as U/mg protein, evidenced significant differences among size groups. In the first case 
values should be mainly affected by changes in the size of secreting organs with age and 
in the second by changes in the relative importance of the specific enzyme within the 
whole functionality of such organs. As a general trend, both forms of expression 
revealed a significant reduction in pepsin but an increase in trypsin, chymotrypsin and 
amylase activities when comparing values measured in larger fish with those in the 























MWM     Ctrol       SBTI     PMSF   TLCK     ZPCK  1,10-Ph   EDTA 




Table 7. Specific activities of main digestive enzymes in C. labrosus. Activities were assayed at optimal 
pH for each enzyme. Chymo: Chymotrypsin; Amy: Alpha-amylase; Values are represented as mean ± 
S.E.M. (n = 11 fish per group). Values not sharing a common superscript are significantly different with 
p<0.05. 
Enzyme Group 1 Group 2 Group 3 
Pepsin 
 
U/g of weight 0.46 ± 0.08
b
 0.14 ± 0.03
ab
 0.04 ± 0.02
a
 
U/mg protein 5.75 ± 1.59
b
 2.64 ± 1.04
a
 3.12 ± 1.09
ab
 
Trypsin U/g of weight 0.14 ± 0.02
a
 0.09 ± 0.02
a
 0.26 ± 0.05
b
 
 U/mg protein 4.72 ± 1.59
a
 5.94 ± 2.10
a
 6.36 ± 1.37
a
 
Chymo U/g of weight 0.61 ± 0.17
a
 0.32 ± 0.08
a
 2.26 ± 0.50
b
 
 U/mg protein 8.79 ± 1.63
a
 12.74 ± 2.90
a
 142.77 ± 49.16
b
 
Amy U/g of weight 6.03 ± 1.85
a
 5.21 ± 1.08
a
 7.39 ± 1.59
a
 
 U/mg protein 108.99 ± 10.38
a
 163.06 ± 21.10
b
 192.12 ± 18.71
b
 
Lipase U/g of weight 0.0003 ± 0.0000
a
 0.0002 ± 0.0000
a
 0.0001 ± 0.0000
a
 
 U/mg protein 0.0250 ± 0.0028
a
 0.0286 ± 0.0180
a




Characterization of fish digestive enzymes has been the main objective of many 
studies, although comparison of the results obtained in different species may be difficult 
due to differences in the feeding status of the experimental animals (Eshel et al., 1993; 
Dimes et al., 1994) the procedures used for preparation of the extracts (Jonas et al., 
1983; Takii et al., 1985) or the assay methodologies (Anderson et al., 1991; Alarcón et 
al., 1998).  In the present work partial characterization of the main digestive enzymes 
from C. labrosus is presented for the first time, being temperature and pH optima 
obtained for the different enzymes greatly similar to those reported by other authors 
(Kuz´mina, 1996; Hidalgo et al., 1999; Sáenz de Rodrigáñez et al., 2005).  
The pH profile of protease presents in stomach extracts, showed an optimum 
activity at pH 2.5, was coincident to that previously reported in species like 
Dicentrarchus labrax, Sparus aurata or Dentex dentex (Eshel et al., 1993; Alarcón et 
al., 1998). Activity of intestinal proteases was stable and high under neutral and alkaline 
conditions. The protease activities measured at highly alkaline pHs were probably 
carboxypeptidases, elastases or collagenases, as has previously been reported by Clark 
et al., (1985).  Lipase and alpha-amylase activities showed an optimal pH of 7 and 8 in 
correspondence to the alkaline pH in the intestine and closely resembled those 
previously reported in other marine fish like Psetta maxima or S. aurata (Munilla-





activities were more resistant than alkaline proteases to extreme values of pH, although 
these produced a loss of activity, similarly to that reported previously in other teleost 
species. Differences in the sensitivity of the enzymes to extreme conditions could be 
related to the presence of different isoforms (Alarcón et al., 2001; Fernández et al., 
2001). 
Thermal optima for proteases were also similar to those described in other fish 
species, and 10 ºC difference was observed between maximum activities for pepsin and 
alkaline protease activities (40-50 ºC). Also, thermal stability of pepsin was greater than 
that observed in alkaline proteases since it retained 100 % activity after 90 min 
incubation at 20 ºC and 30 ºC. Enzymes responsible for total alkaline protease activity 
in C. labrosus showed to be thermally robust, and interestingly, they were resistant to 
extreme temperature (20 ºC and 50 ºC) where did not exert significantly activities. 
Similar results were obtained by Alarcón et al. (1998) in S. aurata and D. dentex. The 
optimum temperature for alpha-amylase activity was about 40 ºC although a decrease in 
the activity related to incubation temperature reduction was observed, in agreement to 
results obtained in other species (Kuz´mina & Kuz´mina, 1991; Hidalgo et al., 1999). 
The inhibition assay and the zymograms showed the importance of the activity 
of serine proteases in the digestive tract of C. labrosus since the incubation of intestinal 
extracts with the specific inhibitors SBTI and PMSF caused a reduction by 56.4 and 
86.9 % respectively, in overall casein digestion. Yetty et al. (2004) obtained similar 
results in Scleropages formosus and by Sáenz de Rodrigáñez et al. (2005) in Solea 
senegalensis. In the same line, Jonas et al. (1983) reported significant inhibition by 
PMSF on serine proteases of different fish species with herbivorous, omnivorous and 
carnivorous feeding habits. On the other hand, the relative importance of both trypsin 
and chymotrypsin in the gut enzyme profile of C. labrosus was evidenced by the 
inhibition produced by TLCK (90.1 %) or ZPCK (13.7 %) on the crude enzyme 
extracts. Using a similar assay, great differences in the relative activities of both 
proteases have been reported in other fish species: 35-41 % and 29 % respectively in 
Symphysodon aequifasciata and S. senegalensis (Chong et al., 2002; Sáenz de 
Rodrigáñez et al., 2005) or almost no trypsin inhibition in Boreogadus saida, D. dentex 
or S. aurata (García-Carreño et al., 2002; Alarcón et al., 1998) and 50 % chymotrypsin 
inhibition in this latter species (Alarcón et al., 1998). This suggests the existence of 
important differences in the profile of digestive proteases produced by different species 




as well as variations in their sensitivity to commercial inhibitors specifically designed 
for mammal proteases. In a similar manner, the incubation of C. labrosus intestinal 
extracts with 1,10-phenantroline and EDTA, specific inhibitors for metallo proteases, 
resulted in a very low inhibition (3.2 and 3.5 % of activity, respectively). Higher 
inhibition values of 29-46 % has been reported in several omnivorous species (Chong et 
al., 2002; García-Carreño et al., 2002; Yetty et al., 2004) as well as in the carnivorous 
D. dentex, this revealing a greater dependence of their digestive proteases of divalent 
cations (Alarcón et al., 1998).  
A great number of studies have shown that developmental stage influences the 
type and total activity of digestive enzymes present in fish (Chang et al., 2004; Horn et 
al., 2006; Falcón-Hidalgo et al., 2011). On the other hand, a number of studies have 
evaluated differences in the activity of the main digestive enzymes related to the feeding 
habits. In example, Kuz´mina (1996) concluded that digestive enzymes serve as 
effective indicators of the feeding ecology of fishes. Also, Fernández et al. (2001) found 
that the differences in a-amylase activity among five related species of sparids are 
associated mainly with their feeding habits. In contrast, Chang et al. (2004) did not find 
clear differences in the activity of amylase and proteases between herbiovorous and 
carnivorous fish. Few of these works have been focused to the changes in the digestive 
enzyme profile in fish species that modify their feeding habits with age as occurs with 
C. labrosus. The results of the present study show that these species experience 
important changes in the relative presence of several digestive enzymes linked to the 
manifest shift from a partly carnivorous diet during early life stages, to plant rich diet 
later in latter stages, as documented by Drake & Arias (1984) and Wassef et al. (2001). 
The main change was a decrease in pepsin activity and an increase in alkaline protease 
activities from Group 1 to Group 2 stages. Such decrease in pepsin activity provides 
functional evidence of the minor role of stomach digestion with age. Also, the observed 
increase in trypsin activity may be related to an increase in vegetable protein content in 
diets of Group 3 indicating an adaptation to get a better digestive use of vegetable 
proteins. The difference in trypsin and chymotrypsin activities might be associated with 
the differences in the mechanism that regulates the production of both enzymes in the 
digestive system of this specie (Falcón-Hidalgo et al., 2011). A similarly increase in the 
activities of trypsin and chymotrypsin activities with development has been described in 





German et al (2004) when comparing digestive enzyme activities of prickleback 
(Stichaeidae) fishes fed on natural diets also evidenced ontogenetic changes linked to 
changes in food composition. In two of such species, Cebidichthys violaceus and 
Xiphister mucosus, the shift with age from a diet based in crustaceans to a macroalgal 
diet was also lined with a decrease in pepsin activity as well as to an increase in alpha-
amylase and lipase activities. Variations in the digestive enzyme profile linked to 
changes in feeding habits with age have been also reported in Brycon guatemalensis by 
Drewe et al. (2004), although this species exhibited a significant decrease in trypsin 
activity from juvenile to larger fish.  
In the present study, no changes in the activity of alpha-amylase with age were 
observed, while surprisingly low values of lipase were measured. The relatively high 
alpha-amylase in relation to low trypsin activity supports the hypotheses that Group 3, 
as functional herbivore, should exhibit high carbohydrase and low protease. Therefore, 
the high level of alpha-amylase activity in larger fish indicates the increased importance 
of this enzyme as the fish becomes herbivorous. Although similar results were obtained 
by Logothetis et al. (2001) in Atherinops affinis, the relation of alpha-amylase 
production with diet composition seems not to be clear; while some authors support that 
alpha-amylase activity depends on the composition of the diet (Reimer, 1982), others 
suggest that such enzyme is only family specific (Hofer et al., 1982). This indicates that 
the type of diet apparently has no bearing on the alpha-amylase production in C. 
labrosus. 
German et al. (2004) and Horn et al. (2006) obtained the highest levels of lipase 
in herbivorous fish in comparative studies between herbivorous and carnivorous fish of 
the same family. These authors suggested that herbivorous fish assimilate better the 
lipids of the diet, using them as an energy source. However, Opuszynski & Shireman 
(1995) reported that herbivorous fish have low levels of lipase due to the low lipid 
content of their diet. Therefore, our results are consistent with the lipase profile of a 
functional herbivorous fish and also agree with those reported by Smoot & Findlay 
(2000), who suggested that herbivorous fish invested significantly in proteases to digest 
proteins from its diet. In this way, Lobel (1981) suggested that fishes without a stomach 
are able to decrease pH 4.5 depend on mechanical breakage using either a specialized 
gizzard-like stomach or a pharyngeal mill to release the cell contents. Hence, this is an 




advantage for aquaculture purposes since the feed used for this species should not 
contain high amounts of lipids because its ability to digest it is limited”. 
5. CONCLUSIONS 
1. The present work is the first providing an insight into different characteristics of 
the main digestive enzymes of C. labrosus.  
2. The existence of a change in the digestive system of this species associated to 
age that could be interpreted as an adaptation to the different feeding habits of 
the species with age.  
3. Apparently, this species acts as a true herbivore and can assimilate vegetables 
materials with relative efficiency, as its shows the profiles of herbivorous 
digestive enzyme activity.  
4. Changes with size found may be attributed to either ontogeny or response to 
diet, or a combination of the two, but the relative effects of these two factors 
cannot be determined without feeding experiments.  
5. Some information is also gained with a possibility to develop specific diet 
formulation for the different developmental stages of cultured C. labrosus.  
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The effects of different environmental salinities (0, 12, 40 and 55 ppt) on 
pepsinogen 2 (pga2), trypsinogen 2 (try2), chymotrypsinogen (ctr) and pancreatic alpha 
amylase (amy2a) gene expression, and on the total activities of their corresponding 
enzymes, were assessed in Chelon labrosus juveniles, after their corresponding full-
cDNA sequences were cloned. Furthermore, the quantitative effect of different salinities 
on the hydrolysis of feed protein by fish digestive enzymes was evaluated using an in 
vitro system. Relative pga2 expression levels were significantly higher in animals 
maintained at 12 ppt, while a significantly higher gene expression for ctr and try2 was 
observed at 40 ppt. amy2a gene expression showed its maximum level at 40 ppt and the 
lowest at 55 ppt. A significant reduction in the activity of amylase with the increase in 
salinity was observed, whereas the maximum activity for alkaline proteases was 
observed in individuals maintained at 40 ppt. A negative effect of high salinity on the 
action of proteases was confirmed by the in vitro assay, indicating a decreased 
efficiency in the digestive function in C. labrosus when maintained at high 
environmental salinities. Nevertheless, individuals can live under different 
environmental salinities, even though gene expression is different, and the enzymatic 
activities are not maintained at the highest studied salinity. Therefore, compensatory 
mechanisms should be in place. Results are discussed on the light of the importance as a 











Se determinó el efecto de diferentes salinidades ambientales (0, 12, 40 and 55 
ppt) en la expression génica del pepsinógeno (pga2), tripsinógeno (try2), 
quimotripsinógeno (ctr) y alfa amilasa pancreática (amy2a), y en la actividad total de 
sus correspondientes enzimas, en juveniles de Chelon labrosus, previa clonación de sus 
secuencias completas de cDNA. Además, se evaluó el efecto de las distintas salinidades 
en la hidrólisis protéica mediante ensayo in vitro. La expresión relativa de pga2 fue 
significativamente superior en los animals mantenidos a 12 ppt, mientras que los niveles 
de expression del ctr y el try2 fueron significativamente superiors a 40 ppt. Del mismo 
modo, la expresión de amy2a mostró su máximo a 40 ppt y el mínimo a 55 ppt. 
Asimismo, se observó una disminución significativa de la actividad amilasa al 
incrementarse la salinidad, mientras que el máximo de actividad para las proteasas 
alcalinas se dió en los individuos mantenidos a 40 ppt. Por otro lado, el ensayo in vitro 
confirmó el efecto negativo de altas salinidades (55 ppt) en la acción de las proteasas, 
indicando una disminución de la eficiencia en la función digestiva de C. labrosus a esta 
salinidad. Sin embargo, la liseta puede vivir a distintas salinidades a pesar de que la 
expresión génica cambia y la actividad enzimática no se mantiene a salinidades 
extremas (55 ppt). Por lo que, deberían existir mecanismos compensatorios que ayuden 
a la especie a adaptarse a los cambios ambientales del medio. Los resultados son 
discutidos desde un punto de vista de la importancia de la diversificación de nuevas 
especies en acuicultura. 
 
  




Mullets can be considered the only marine group of polyphagous fish that has 
been cultured for centuries. They present high rates of growth and tolerate wide ranges 
of environmental parameters, what makes them highly appreciated for culture purposes. 
Mullets have been farmed in extensive and semi-intensive ponds in many countries; 
subsistence farming in ponds and enclosures has been traditional in the Mediterranean 
region, South East Asia, Taiwan Province of China, Japan and Hawaii. Also, in the 
Russian Federation mullet aquaculture has been practised in the Black Sea and Caspian 
Sea regions since 1930 (Crosetti and Blaber, 2016). The thick-lipped grey mullet 
Chelon labrosus (Risso, 1827) is an amphidromic marine teleost from Family Mugilidae 
that migrates between areas with different environmental salinities during its life cycle 
(Cardona, 2006). It can be considered a good candidate for the diversification of the 
aquaculture activity in the estuarine region of the Bay of Cádiz (Spain) and also in other 
areas, provided its adaptability to a wide range of environmental conditions and feeding 
practices. Several studies have assessed different aspects related to its osmoregulatory 
system and the metabolic changes induced by different environmental salinities (Gallis 
et al. 1979a, b; Lasserre and Gallis, 1975; Gallis and Bourdichon, 1976; Chervinski, 
1977; Pujante et al., 2012a, b). More recent studies have been focused into practical 
aspects of its culture, like the sensitivity to stress (de las Heras et al., 2015; Pujante et 
al., 2015, 2016). Nevertheless, still there is a lack of information about its digestive 
physiology, particularly oriented to assess to what extent the digestion process may be 
adapted to the great variabilities in diet composition or environmental conditions that 
characterizes the species. 
Digestion is an important process, since it determines the availability of the 
nutrients required for biological functions. Digestive enzymes are key components in 
such process, being their activity affected in teleosts by several factors, like species 
(Chakrabarti et al., 1995; Chan et al., 2004), stage of development (Chen et al., 2006; 
Falcón-Hidalgo et al., 2011), food composition and feeding pattern (Eroldogan et al., 
2008; Furné et al., 2008; Abolfathi et al., 2012), as well as by environmental factors, 
such as water temperature (Kuzmina, 1991) or salinity. Regarding this last factor, 
several studies have reported changes in the activity of digestive proteases in euryhaline 
teleost (e.g. Oreochromis mossambicus, Sparus aurata, Dicentrarchus labrax) due to 





al., 2004; Psochiou et al., 2007; Nikolopoulou et al., 2011). Enhanced nutrient 
utilization was described in Sparus sarba maintained at low salinity (Woo and Kelly, 
1995), and a better food utilization and total intestinal proteolytic activity, resulting in 
high growth rate, has been reported for Mugil cephalus when maintained at 10 ppt 
salinity (Barman et al., 2005). It seems that the effect of environmental salinity on 
digestive enzymes can be direct or indirect. Direct effects are related to modifications in 
their functionality due to changes in pH, as well as on the ionic strength existing in the 
gut lumen (Usher et al., 1990). Indirect effects are related to the general metabolism 
enhancement, required for maintaining the homeostasis that can determine a greater 
food demand, and hence a greater production of the enzymes required for digestion 
(Boeuf and Payan, 2001).  
The aim of the present study was to assess the effects derived from 
acclimatization to different environmental salinities on the functionality of some key 
digestive enzymes from C. labrosus. The evaluation was carried out using molecular 
and biochemical tools, as well as functional approaches. For the first part, changes in 
gene expression and total activity of some key digestive enzymes were evaluated in 
individuals maintained under different environmental salinities. For the second, changes 
in the ability of intestinal proteases to hydrolyze a given substrate under different 
salinities were simulated using a gastrointestinal model (Hamdan et al., 2009; Morales 
& Moyano, 2010). Results are discussed to get a wider perspective on their practical 
application in the culture of this species. 
2. MATERIAL AND METHODS 
2.1. Experimental design and sampling 
Juveniles from thick-lipped grey mullet (n = 48, initial body mass of 44.3 ± 2.0 
g) were collected from the "Estero Leocadia", typical saltmarshes converted in ponds 
for extensive aquaculture (El Puerto de Santa María, Cádiz, Spain). Individual were 
transferred to the research laboratory (CASEM, University de Cádiz, Puerto Real, 
Cadiz, Spain), where they were acclimatized for 15 days to bore-well water (40 ppt 
salinity, 1,149 mOsm·kg-1 H2O osmolality). After this time, four experimental groups 
with 12 fish per tank (400 L, density 1.35 kg/m3) were established: fresh water (0 ppt 
salinity), brackish water (12 ppt), bore-well water (40 ppt), and high salinity water (55 
ppt). Individuals were maintained in the tanks under constant water temperature (18 ± 1 
Salinity on gene expression and digestive enzyme activities 
 
61 
ºC) and natural photoperiod (June 2011) for 21 days. The experimental salinities were 
achieved either mixing sea water with dechlorinated tap water, for low salinity waters, 
or adding natural marine salt (Salina de la Tapa, El Puerto de Santa María, Cádiz, 
Spain) to the bore-well water, for high salinity water. All the groups were maintained 
under a closed recirculation system, and at least 10 % of the water of each tank was 
replaced every two days with water from a reservoir previously adjusted to the required 
experimental salinity. Water quality was checked daily to confirm its stability. Fish 
were fed with 1 % of their body mass with commercial pellets (Élite-Skretting). No 
mortality was observed during the experiment. At the end of the experimental period, 
fish were killed by immersion in iced-cold diluted seawater, previously mixed with 
clove oil, before dissection of the gastrointestinal tract (GIT). Separate samples were 
taken either to evaluate gene expression or to prepare extracts used in enzyme and in 
vitro assays. For the first case and due to sample sizes, whole GITs, including liver, 
were immediately frozen in liquid nitrogen and stored at -80 ºC to be used in 
quantitative real time PCR analysis (qPCR). For the second case, separate samples of 
stomach and intestine were maintained at -20 ºC prior to be freeze dried and after stored 
again at -20 ºC until used in the preparation of extracts. All samples were taken between 
9:00-10:00 in the morning, and individuals were fasted for 24 h prior to sampling 
collection. All experimental procedures complied with the Guidelines of the European 
Union (2010/63/UE) and the Spanish legislation (RD 53/2013 and law 32/2007) for the 
use of laboratory animals. 
2.2. Gene expression of digestive enzymes 
Cloning of partial pepsinogen, chymotrypsinogen, trypsinogen and pancreatic alpha-
amylase cDNAs from C. labrosus 
The Zebrafish Nomenclature Guidelines have been followed for fish genes and 
protein names in this work. First, a set of degenerate primers (Invitrogen™, Life 
Technologies; Table I) were designed according to the most highly conserved cDNA 
sequences among different teleosts for pepsinogen, trypsinogen, chymotrypsinogen or 
pancreatic alpha-amylase (amy2a), after multiple alignment using ClustalW accessed at 
The European Bioinformatics Institute from The European Molecular Biology 
Laboratory (EMBL-EBI). The sequences used for the different studied cDNAs were 





FJ438489), Channa argus (acc. no. GQ303143), Diplodus sargus (acc. no. EU163285) 
and S. aurata (acc. no. EU163284) for pga; E. coiodes (acc. no. FJ426134), S. aurata 
(acc. no. AY550950), Paralichthys olivaceus (acc. no. AB029753) and Gadus morhua 
(acc. no. AJ242521) for ctr; E. coiodes (acc. no. GU982529), S. aurata (acc. no. 
EU163287), D. sargus (acc. no. EU163288) and Siniperca chuatsi (acc. no. EU688997) 
for try; C. labrosus (acc. no. FN295559) and E. coiodes (acc. no. EU715401) for 
amy2a.  
Second, total RNA was prepared from a whole, independent, freshly dissected 
GIT (≈1 g) from one C. labrosus individual using the NucleoSpin® RNA II kit 
(Macherey-Nagel). In all protocols involving commercial kits cited here and elsewhere 
in this study, manufacturer´s instructions were followed, except where noted. Samples 
were homogenized in an appropriate w/v relation of RA1 buffer with ß-mercaptoethanol 




-Werke) and the S25N-8G 
dispersing tool. The sample had an RNA quality of 10, checked in a Bioanalyzer 2100 
with the RNA 6000 Nano kit (Agilent), whereas RNA quantity was measured 
spectrophotometrically at 260 nm in a BioPhotometer Plus (Eppendorf).  
Last, total RNA (2 µg) was reverse-transcribed in a 20 µL reaction using 250 ng 
random primers (Invitrogen
TM
, Life Technologies), 200 U Superscript III reverse 
transcriptase (Invitrogen
TM, Life Technologies), with the manufacturer’s first strand 
buffer (1x final concentration), DTT (5 mM final concentration) and dNTPs (0.5 mM 
final concentration). The conditions for the reverse transcription were an initial step at 
25 ºC for 5 min, followed by 50 °C for 60 min, and finishing with 70 ºC for 15 min. 
PCR reactions were performed using 1 U Platinum Taq DNA polymerase 
(Invitrogen
TM
, Life Technologies), the first strand cDNA corresponding to 100 ng of 
input total RNA, manufacturer’s PCR buffer (1x final concentration), 200 nM each 
sense and antisense primers, 200 µM dNTPs mixture, and 1.5 mM MgCl2, in a total 
volume of 20 µL. Samples were cycled at 94 ºC for 1 min, followed by 35 cycles at [94 
ºC for 30 s, 50-60 ºC gradient for 30 s, and 72 ºC for 1 min], and a final step at 72 ºC for 
10 min, in a Mastercycler
®
proS vapo.protect (Eppendorf). PCR products were identified 




 vector from 
the TOPO TA Cloning
® 
Kit for Sequencing (Invitrogen
TM
, Life Technologies). Clones 
were sequenced by the dideoxy method by a Biotechnology company (NewBiotechnic 
S.A., Seville, Spain). All the sequences were confirmed by BLAST analysis.  
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Construction and screening of a gastro-intestinal tract (GIT) cDNA library and cloning 
of the full-length cDNA sequences for pepsinogen and chymotrypsinogen  
The GIT cDNA library was previously constructed as described by Pujante et al. 
(2015). Briefly, Total RNA was prepared from 1 g of C. labrosus fresh GIT containing 
liver, spleen and pancreas using the RNeasy maxi kit (Qiagen). mRNA was isolated 
from total RNA using the Oligotex Midi Kit (Qiagen). The GIT cDNA library was 
constructed using the lambda ZAP-cDNA/Gigapack III Kit (Stratagene, Agilent 
Technologies; product already discontinued), with few modifications to the 
manufacturer protocol. Those consisted in the use of the Agilent 2100 Bioanalyzer 
(Agilent Technologies) instead of labelling cDNAs with 
32
P, avoiding the radioactive 
agarose and polyacrylamide gel electrophoresis, or the use of the ethidium bromide 
plate assay for the final quantification of the cDNA fractions.  
For the preparation of the pepsinogen and chymotrypsinogen probes, around 2 
µg of the plasmid DNAs, containing the partial corresponding sequences, were digested 
with 10 U of EcoRI (Takara) in a volume of 40 µL. The digestion product was separated 
on a 1 % agarose gel and the bands of around 400 pb were cut and purified with the 
QIAquick kit (Qiagen). The cDNA fragments were diluted until a final concentration of 
25 ng µL
-1
 in TE buffer (10 mM Tris.HCl, 1 mM EDTANa2, pH 8.0) and stored at -
20 ºC until labeling them with 
32
P. Screening of the library and obtaining of the cDNAs 
was done as previously described by Pujante et al. (2015). 
Obtaining 5´ and 3´ ends by Rapid Amplification of cDNA ends (RACE) for trypsinogen 
and pancreatic alpha-amylase 
Using total RNA as template from section 2.2.1, the 5′ and 3′ ends of try and 
amy2a mRNAs were amplified using 5′ and 3′ Rapid Amplification of cDNA Ends 
(FirstChoice
®
 RLM-RACE kit, Life Technologies™). Gene specific forward primers 
were designed in the fragments previously cloned (section 2.2.1) at two different 
positions (Table 8) and used in combination with the 3’RACE Outer or Inner primers 
supplied in the kit to amplify the 3′ ends. For 5′ RACE amplifications, gene specific 
reverse primers for each fragment were also designed (Table 8) and used in combination 
with the 5’RACE Outer or Inner primers supplied in the kit. Primers were designed to 
achieve an overlap of at least 181 bp for trypsinogen and 481 bp for pancreatic alpha-





Table 8. Degenerate and specific primers designed for C. labrosus for molecular identification of partial 
cDNAs, and specific primers designed for semi-quantitative expression of beta-actin (actb), pepsinogen 
(pga2), chymotrypsinogen (ctr), trypsinogen (try2) and alpha-amylase (amy2a) sequences by qPCR. 
Amplified size by each pair of primers are presented.  

























































































TCTGGTTGTCGTGGTTGTCA 129 bp 
Cloning and sequencing of PCR products were performed as described above. 
eBiox (v1.5.1) software was used for fragment assemblage and for the translation of the 
sequences to the open reading frames (ORFs). Homology analyses of putative proteins 
sequences were run with BLAST at the NCBI website. Moreover, phylogenetic analyses 
were made using MEGA7 (Kumar et al., 2016) on full-length protein sequences in order 
to establish their exact identification and the evolutionary relationship with other 
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species using the Neighbor-Joining method (Saitou & Nei, 1987), with the Poisson 
correction method (Zuckerkandl & Pauling, 1965), and a bootstrap analysis of 1,000 
replicates (Felsenstein, 1985) to enhance the analyses. 
Analysis of pepsinogen, chymotrypsinogen, trypsinogen and pancreatic alpha-amylase 
mRNA levels by quantitative real-time PCR (qPCR) 
The primer sequences used for qPCR were designed with Primer3 software v. 
0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/) and were synthesized and HPLC purified by 
Invitrogen™ Life Technologies (Table 8). Whole experimental GITs preserved 
at -80 °C were homogenized in liquid nitrogen until obtaining a thin powder using an 
Ultra-Turrax® T25 with S25N-18G dispersing tool (IKA®-Werke). Total RNA was 
immediately isolated from around 20 mg of the GIT thin powder using an 
Ultra-Turrax® T8 with S8N-5G dispersing tool (IKA®-Werke) with the 
NucleoSpin
®
RNA II kit (Macherey-Nagel). RNA quality and quantity were checked as 
previously described. Only RNA samples with a RNA integrity number higher than 8.0 
were used for expression quantification.  
Total RNA (500 ng), from each individual sample, was reverse-transcribed in a 
20 µL reaction volume using the qScript™ cDNA synthesis kit (Quanta BioSciences). 
Briefly, the reaction was performed using qScript Reaction Mix (1x final concentration) 
and qScript Reverse Transcriptase (2.5x final concentration). The reverse transcription 
program consisted in 5 min at 22 °C, 30 min at 42 °C and 5 min at 85 °C. Optimization 
of qPCR conditions was made on primers annealing temperature (gradient from 50 to 60 
ºC), primers concentration (100 nM, 200 nM and 400 nM) and template concentration 
(five 1:10 dilution steps from 10 ng to 1 pg of input total RNA). The resulting curves 
had amplification efficiencies and r
2
 of 0.91 and 0.999 for trypsinogen, 0.93 and 0.998 
for pepsinogen, 0.99 and 0.995 for chymotrypsinogen, and 1.01 and 0.997 for 
pancreatic alpha-amylase. To confirm the correct amplification, the obtained PCR 
amplicons were cloned and sequenced. qPCR was carried out with Fluorescent 
Quantitative Detection System (Eppendorf Mastercycler ep realplex
2
 S). Each reaction 
mixture (10 μL) contained 0.5 μL at 200 nM of each specific forward and reverse 
primers, and 5 μL of PerfeCTa SYBR® Green FastMix™ (Quanta BioSciences). 
Reactions were conducted in semi-skirted twin.tec real-time PCR plates 96 (Eppendorf) 





was as follows: 95 ºC, 10 min; [95 ºC, 30 s; 60 ºC, 45 s] x 40 cycles; melting curve [60 
ºC to 95 ºC, 20 min], 95 ºC, 15s. The melting curve was used to ensure that a single 
product was amplified and to check for the absence of primer-dimer artefacts. Results 
were normalized to beta-actin (actb) (acc. no. AY836368), owing its low variability 
(less than 0.4 CT) under our experimental conditions. Relative gene quantification was 
performed using the ∆∆CT method (Livak and Schmittgen, 2001) having into account 
amplification efficiencies (Pfaffl, 2001). 
Determination of enzyme activities 
Samples of either stomach and proximal intestine were homogenized in distilled 
water (1:5 w/v) and centrifuged (12,000 x g) at 4 ºC for 15 min. Part of the supernatants 
were used for amylase and total alkaline protease while the rest was used in the in vitro 
assays. Concentration of soluble proteins in samples was determined by Bradford’s 
method using bovine serum albumin as a standard.  
Pepsin activity was determined by the method from Anson (1938) with slight 
modifications: 20 µL of crude extract were mixed to 1 mL of 0.5 % acid-denatured 
bovine hemoglobin that had been extensively dialyzed against 0.1 M HCl-glycine buffer 
(pH 2.0). After incubation at 37 ºC for 30 min, the reaction was stopped by adding 0.5 
mL of 20 % trichloroacetic acid (TCA) and cooled at 4 ºC during 15 min. Then, 
centrifuged at 8,000 x g for 10 min. The absorbance of the resulting supernatant was 
measured at 280 nm. Controls were performed by adding TCA prior to the addition of 
pepsin to the reaction mixture. 
Total alkaline protease activity of the extracts was measured using the casein 
method from Kunitz (1947) as modified in Walter (1984). The activity was determined 
by incubating 10 µL of crude enzyme extract with 500 µL of 0.1 M Tris-HCl and 0.01 
M CaCl2 buffer pH 9, and 500 µL of casein dilution (1:100 w/v). The rest of the 
procedure was similar to that described for pepsin activity.  
Activity of amylase present in extracts from the intestine was measured using a 
colorimetric method based in the 2-chloro-p-nitrophenyl-α-D-maltotrioside (CNP-G3) 
(Amylase MRLinear Chemicals, S.L. Spain) method, described by Winn-Deen et al. 
(2005). In this method, the amylase catalyzes the hydrolysis of CNP-G3 at pH 6.0 
forming 2-chloro-p-nitrophenol (CNP) and free glycosides. The reaction is monitored 
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kinetically at 405 nm by the rate of formation of the colored CNP produced, 
proportional to the activity of the amylase in the sample. The procedure consisted in the 
preincubation of 8 µL of sample and 200 µL of the substrate at 37 ºC, monitoring the 
changes in absorbance using a microplate reader (BioTek Instruments, Winooski, VT, 
USA).  
2.3. In vitro protein hydrolysis assay 
The effect of salinity on intestinal proteases functionality of C. labrosus was 
evaluated using a gastrointestinal model (GIM) aimed to simulate gut protein hydrolysis 
under controlled conditions. The GIM is a small bioreactor based on that described by 
Gauthier et al. (1982) and Savoie & Gauthier (1986). Shortly, each GIM is composed by 
an inner reaction chamber, formed by a cellulose dialysis membrane with 1,000 Da 
molecular cut off (Spectra/Por 6, Spectrum Medical Industries, Inc., Los Angeles, CA). 
This inner reaction chamber is surrounded by an outer chamber, where a continuous 
flow of buffer allows the constant removal of digestive products, which is maintained 
by a high precision multichannel peristaltic pump (Ismatec, Idex Corp). As indicated 
before, the enzyme extracts used in the assays were the same obtained for measuring the 
activity. Since the previous assays of enzyme activity suggested that C. labrosus does 
not possess a highly functional stomach (Drake & Arias, 1984), only intestinal extracts 
and hence the alkaline digestion was simulated in the assays. 
The selected substrate was a sample of the same feed used to feed the fish (60 % 
of crude protein). The enzyme to substrate ratio used in the assays, 1,700 U/g of protein, 
was established as detailed in Morales & Moyano (2010). The procedure for digestions 
was a follow: feed samples were poured into the reaction chambers and stirred for 1 h in 
borate buffer pH 8.00 containing different NaCl concentrations (0, 12, 40 and 55 ppt) to 
ensure initial solubilization. Then, the enzyme extracts were added to the reaction 
chambers (zero time). The outer chambers were connected to the continuous supply of 
each buffer (25 ºC), pumped at a rate of 0.5 mL/min. Dialysates were collected at 
different times (15, 30, 60 and 240 min) for determination of total amino acids released 
using o-phthaldialdehyde (Church et al., 1983) and L-leucine as the standard. Assays 
were carried out at each salinity using the enzyme extracts obtained from fish that had 





In order to assess the possible effect of different salinities on the solubilization 
of substrate protein, and hence on its net hydrolysis, 1 g of the feed was poured into a 5 
mL glass beaker and stirred for 4 h in borate buffer pH 8.00 containing 0, 12, 40 and 55 
ppt of NaCl. Solubilization of the protein fraction in the feed was assessed at different 
moments (15, 30, 60 and 240 min) using the Bradford method (Bradford, 1976). 
2.4. Statistical analysis 
The effect of salinity on gene expression and enzymatic activities was evaluated 
by one-way ANOVA followed by post-hoc comparison with the Tukey’s test. The log10 
transformation was applied for data to meet requirements of analysis. The Software 
packages Statistica 10.0 Soft, Inc. and GraphPad Prims 6.01 Soft were used. 
3. RESULTS 
No mortality was observed during the experimental period. Moreover, no 
differences in fish growth were observed in any of the experimental salinities (0, 12, 40 
and 55 ppt) along the experimental time. 
3.1. Description of C. labrosus pepsinogen, chymotrypsinogen, trypsinogen and 
pancreatic alpha-amylase cDNA sequences 
Thick-lipped grey mullet full-length pepsinogen, chymotrypsinogen, trypsinogen 
and pancreatic alpha-amylase cDNA sequences consisted of 1,235 bp, 850 bp, 898 bp 
and 1,825 bp respectively (GenBank acc. nos. KC195968.2, KC195969.1, 
KF684940.1, and KF684941.1, respectively). pepsinogen nucleotide sequence 
comprised an open reading frame (ORF) of 1,131 bp encoding a 377 amino acid (aa) 
protein, with a signal peptide of 16 aa and a mature protein of 361 aa residues. In 
addition, chymotrypsinogen presented an ORF of 789 bp encoding a 263 aa, of which 
18 aa are from the signal peptide and 245 aa from the mature protein. trypsinogen 
showed an ORF of 780 bp encoding a protein of 260 aa, with a signal peptide of 30 aa 
and a mature protein of 230 aa. Finally, pancreatic alpha-amylase had an ORF of 1,536 
bp encoding 512 aa, with a signal peptide of 15 aa and a mature protein of 497 aa. Blast 
Analyses for nucleotide and amino acid sequences are shown in Table 9. Moreover, 
multiple alignments of putative proteins for Pepsin, Chymotrypsin, Trypsin and 
Pancreatic alpha amylase are shown in Figures 12 to 15, whereas their phylogenetic 
analyses are shown in Figures 16 to 19, respectively.  
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Table 9: Top five blast hits for the cloned cDNAs and their putative amino acid translations from C. labrosus, with descriptions of maximum score, total score, percentage of 
query cover, E value, percentage of identity and similarity, and accession numbers. (-NA-: Not Applicable) 
 
 
gene/Protein Description Max score Total score Query cover E value Identity Similarity Accession number 
pepsinogen PREDICTED: Lates calcarifer pepsin A-like (LOC108876567), mRNA 1314 1314 92% 0.0 86% -NA- XM_018666177.1 
 
Siniperca chuatsi pepsinogen A2 precursor, mRNA, complete cds 1274 1274 92% 0.0 85% -NA- FJ463155.1 
 
Siniperca scherzeri pepsinogen A2 precursor, mRNA, complete cds 1269 1269 92% 0.0 85% -NA- EU807927.1 
 
PREDICTED: Stegastes partitus pepsin A-like (LOC103368080), mRNA 1261 1261 91% 0.0 85% -NA- XM_008296332.1 
 
Micropterus salmoides PGA mRNA for pepsinogen 2, complete cds 1240 1240 92% 0.0 84% -NA- LC068953.1 
Pepsinogen PREDICTED: pepsin A-like [Stegastes partitus] 634 634 100% 0.0 83% 89% XP_008294554.1 
 
PREDICTED: pepsin A-like [Lates calcarifer] 630 630 100% 0.0 80% 89% XP_018521693.1 
 
pepsinogen 2 [Micropterus salmoides] 629 629 99% 0.0 79% 90% BAU37038.1 
 
pepsinogen [Diplodus sargus] 625 625 100% 0.0 79% 89% ABX89619.1 
 
PREDICTED: pepsin A-like [Pundamilia nyererei] 623 623 99% 0.0 80% 89% XP_005732885.1 
chymotrypsinogen Sparus aurata chymotrypsinogen 2-like protein mRNA, partial cds 922 922 98% 0.0 84% -NA- AY550949.1 
 PREDICTED: Larimichthys crocea chymotrypsin A-like (LOC104939493), mRNA 911 911 97% 0.0 84% -NA- XM_010756043.1 
 PREDICTED: Stegastes partitus chymotrypsin A-like (LOC103372833), mRNA 906 906 97% 0.0 84% -NA- XM_008302575.1 
 Paralichthys olivaceus mRNA for chymotrypsinogen 2, complete cds 906 906 98% 0.0 83% -NA- AB029754.1 
 PREDICTED: Poecilia mexicana chymotrypsin A-like (LOC106912757), mRNA 902 902 91% 0.0 85% -NA- XM_014979547.1 
Chymotrypsinoge
n 
PREDICTED: chymotrypsin A-like [Poecilia reticulata] 481 481 100% 6E-171 
86% 
93% XP_008400929.1 
 PREDICTED: chymotrypsin A-like [Maylandia zebra] 480 480 100% 1E-170 85% 93% XP_012776340.1 
 PREDICTED: chymotrypsinogen A-like [Maylandia zebra] 478 478 100% 9E-170 84% 93% XP_012776345.1 
 PREDICTED: chymotrypsinogen A-like [Oreochromis niloticus] 476 476 100% 2E-169 84% 93% XP_003437636.1 





gene/Protein Description Max score Total score Query cover E value Identity Similarity Acc. number 
trypsinogen Siniperca chuatsi pancreatic trypsin mRNA, complete cds 1016 1016 92% 0.0 88% -NA- EU683735.1 
 
Epinephelus coioides trypsinogen mRNA, complete cds 989 989 84% 0.0 90% -NA- GU982529.1 
 
Solea senegalensis Tryp2 mRNA for trypsinogen 2, complete cds 985 985 86% 0.0 89% -NA- AB359192.1 
 
PREDICTED: Larimichthys crocea trypsin-3 (LOC104938150), mRNA 971 971 87% 0.0 88% -NA- XM_010754505.1 
 
PREDICTED: Stegastes partitus trypsin-3-like (LOC103360185), mRNA 967 967 84% 0.0 89% -NA- XM_008285862.1 
Trypsinogen trypsinogen [Epinephelus coioides] 449 449 100% 4E-159 87% 92% ADG29127.1 
 
trypsinogen 2 [Solea senegalensis] 447 447 100% 3E-158 87% 91% BAF76144.1 
 
Trypsin-3 [Larimichthys crocea] 440 440 100% 1E-155 85% 91% KKF14922.1 
 
PREDICTED: trypsin-3 [Larimichthys crocea] 438 438 100% 7E-155 85% 91% XP_010752807.1 
 
PREDICTED: trypsin-3-like [Stegastes partitus] 438 438 100% 8E-155 85% 91% XP_008284084.1 
pancreatic Sparus aurata alpha-amylase (amy2a) mRNA, complete cds 2590 2590 90% 0.0 96% -NA- KR779816.1 
alpha-amylase Pagrus major mRNA for amylase, complete cds 2329 2329 90% 0.0 92% -NA- AB678421.1 
 Diplodus sargus alpha-amylase 1 mRNA, complete cds 2298 2298 90% 0.0 92% -NA- EU163286.1 
 Epinephelus coioides pancreatic alpha-amylase mRNA, complete cds 2181 2181 90% 0.0 90% -NA- EU715401.1 
 Thunnus orientalis mRNA for amylase-1, complete cds 2138 2138 86% 0.0 91% -NA- AB678419.1 
Pancreatic alpha-amylase [Sparus aurata] 1032 1032 100% 0.0 96% 98% ALB35087.1 
alpha-amylase pancreatic alpha-amylase [Epinephelus coioides] 1004 1004 100% 0.0 94% 96% ACJ26844.1 
 amylase [Pagrus major] 1002 1002 100% 0.0 92% 97% BAL14133.1 
 PREDICTED: pancreatic alpha-amylase-like [Stegastes partitus] 1001 1001 100% 0.0 92% 96% XP_008275385.1 
 Pancreatic alpha-amylase [Larimichthys crocea] 1001 1001 100% 0.0 93% 96% KKF14766.1 
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Figure 12. Clustal Omega Multiple Sequence Alignment between Pepsinogens from C. labrosus 
(Chellabr; GenBank Acc. No.: AHZ33698.2), Pundamilia nyererei (Pundnyer; GenBank Acc. No.: 
XP_005732885.1), Micropterus salmoides (Micrsalm; GenBank Acc. No.: BAU37038.1), Stegastes 
partitus (Stegpart; GenBank Acc. No.: XP_008294554.1), Lates calcarifer (Latecalc; GenBank Acc. No.: 
XP_018521693.1), Diplodus sargus (Diplsarg; GenBank Acc. No.: ABX89619.1). The signal peptide (1-
15; 15 aa) is represented in black letters on light gray background. The A1_Propeptide domain is 
represented in black letters on dark gray background (18-45, 28 aa), whereas the Pepsin A domain is 
underlined (59-374, 316 aa). The 4 Pepsin (A1) Aspartic Protease Family PRINTS signatures PR00792 
are represented with white letters over black background (75-95, 21 aa; 217-230, 14 aa; 266-277, 12 aa; 














174); “-” Gap; “·” Identical residue to the amino acid of the first sequence; 
“*” All the residues are identical in all sequences in the alignment; “:” Conserved substitutions; “.”Semi-





Figure 13. Clustal Omega Multiple Sequence Alignment between Chymotrypsinogens from C. labrosus 
(Chellabr; GenBank Acc. No.: AHZ33699.1), Poecilia reticulata (Poecreti; GenBank Acc. No.: 
XP_008400929.1), Maylandia zebra (Maylzeb1; GenBank Acc. No.: XP_012776340.1. Maylzeb2; 
GenBank Acc. No.: XP_012776345.1), Haplochromis burtoni (Haplburt; GenBank Acc. No.: 
XP_005929269.1), Oreochromis niloticus (Oreonilo; GenBank Acc. No.: XP_003437636.1). The signal 
peptide (1-15, 15 aa) is represented in black letters on light gray background. The 3 Chymotrypsin 
PRINTS signatures PR00722 are represented with white letters over black background (61-76, 16 aa; 






234); “-” Gap; “·” Identical residue to the amino acid of the first sequence; “*” 
All the residues are identical in all sequences in the alignment; “:” Conserved substitutions; “.”Semi-
conserved substitutions; “ ” No conservation. 




Figure 14. Clustal Omega Multiple Sequence Alignment between Trypsinogens from C. labrosus 
(Chellabr; GenBank Acc. No.: AIC81808.1), Stegastes partitus (Stegpart; GenBank Acc. No.: 
XP_008284084.1), Epinephelus coioides (Epincoio; GenBank Acc. No.: ADG29127.1), Solea 
senegalensis (Solesene; GenBank Acc. No.: BAF76144.1), Larichmichthys crocea (Laricro1; GenBank 
Acc. No.: KKF14922.1. Laricro2; GenBank Acc. No.: XP_010752807.1). The signal peptide (1-15, 15 
aa) is represented with black letters on light gray background. The Histidine active site from Serine 
proteases, trypsin family (PROSITE pattern PS00134) is represented with white letters over black 
background (58-63, 6 aa). The Serine active site from Serine proteases, trypsin family (PROSITE pattern 
PS00135) is represented with black letters over dark gray background (193-204, 12 aa).. “˅” Cleavage 
site (I
23); “˄” Active site (H62, D106, S199); “˄” Substrate binding site (D193, S214, G216); “-” Gap; “·” 
Identical residue to the amino acid of the first sequence; “*” All the residues are identical in all sequences 




                              ˅ 
Chellabr   MKYFILFALVAAAYAAPLE--DDKIIGGYECRKNSVAYQASLNVGYHFCGGSLISSTWVV   58 
Stegpart   ··A···L··F·V·····I·--····V··········P···················S···   58 
Epincoio   ··A···L··F·V·····I·--····V·············V···S················   58 
Solesene   ··A···L··F·V·····IDDE····V·············V···S················   60 
Laricro1   ··A···L··F·V·····IDDE····V··········P··V···S················   60 
Laricro2   ··A···L··F·V·····IDDE····V··········P··V···S················   60 
           ** ***:**.*.*****::  ****:********** **.*** ************:*** 
 
              ˄                                           ˄ 
Chellabr   SAAHCYKSSIQVRLGEHNIAVNEGTEQFINSAKVIRHPKYSSRNLDNDIMLIKLSTPAAL  118 
Stegpart   ······Q·R····················D·S·····SR·N·YT···········K··T·  118 
Epincoio   ········R·······················R·····S·N··············K··T·  118 
Solesene   ········R·····························R················K··T·  120 
Laricro1   ········RV···················S········R················K··T·  120 
Laricro2   ········RV···················S········R················K··T·  120 
           ******:* :*******************.*::****  *.* .***********.**:* 
 
Chellabr   NSYVSTVSLPSSCAGAGTNCLISGWGNTSPSGSYYPDRLMCLDAPILSDTSCKNAYPGEI  178 
Stegpart   ····R······················M·A···N········N······S··TSS···Q·  178 
Epincoio   ·N··R··········S··R··········S·········R·········S··RSS···Q·  178 
Solesene   ····R··········S··R··········G···N·····R········ES··R·S···Q·  180 
Laricro1   ····R·········SS··S··········S···N·····R··N······S··R·S···Q·  180 
Laricro2   ····R·········SS··S··········S···N·····R··N······S··R·S···Q·  180 
           *.** *********.:** ******** * *** ***** **:*****::** .:***:* 
 
                         ˄     ˄              ˄ ˄ 
Chellabr   TSNMFCAGFLEGGKDSCQGDSGGPVVCNGQLQGIVSWGYGCALANLPGVYTKVCNYNSWI  238 
Stegpart   ·································V········QR······A···K·····  238 
Epincoio   ·································V········QR·K····A·········  238 
Solesene   ·································V········QR·K····A·········  240 
Laricro1   ·································V········QR·K····A·········  240 
Laricro2   ····························N····V········QR·K····A·········  240 
           ****************************.****:********  * ****:***:***** 
 
Chellabr   QTTMSSN  245 
Stegpart   SS·····  245 
Epincoio   RN··A··  245 
Solesene   RS·····  247 
Laricro1   RS·····  247 
Laricro2   RS·····  247 



























Figure 15. Clustal Omega Multiple Sequence Alignment between pancreatic alpha Amylases from C. 
labrosus (Chellabr; GenBank Acc. No.: AIC81809.1), Sparus aurata (Sparaura; GenBank Acc. No.: 
ALB35087.1), Epinephelus coioides (Epincoio; GenBank Acc. No.: ACJ26844.1), Pagrus major 
(Pagrmajo; GenBank Acc. No.: BAL14133.1), Stegastes partitus (Stegpart; GenBank Acc. No. 
XP_008275385.1), Larimichthys crocea (Laricroc; GenBank Acc. No.: KKF14766.1). The signal peptide 
(1-15, 15 aa) is represented in black letters on light gray background. The 5 alpha-amylase signatures 
PRINTS PR00110 are represented with white letters over black background (73-90, 18 aa; 105-116, 12 
































182): “˄” Catalytic site (D212, E248, D315); “·” Identical residue to the amino acid of the first 
sequence; “*” All the residues are identical in all sequences in the alignment; “:” Conserved substitutions; 
“.”Semi-conserved substitutions; “ ” No conservation.  
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Figure 16. Phylogenetic tree for putative Pepsinogen from C. labrosus and other 41 sequences 
downloaded from GenBank after blastp analysis. The evolutionary history was inferred using the 
Neighbor-Joining method (Saitou & Nei, 1987). The optimal tree with the sum of branch length = 
3.07072785 is shown. The percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (1,000 replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn 
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method 
(Zuckerkandl & Pauling, 1965) and are in the units of the number of amino acid substitutions per site. 
The analysis involved 42 amino acid sequences. All positions containing gaps and missing data were 
eliminated. There were a total of 306 positions in the final dataset. Evolutionary analyses were conducted 
in MEGA7 (Kumar et al., 2016).  
 AAD56284/AF156788 1 Pepsinogen A form IIb precursor Pseudopleuronectes americanus
 AHK06882 Pepsinogen A2 precursor Hippoglossus hippoglossus
 BAC87742 Pepsinogen Paralichthys olivaceus
 XP_010738909 Pepsin A-like Larimichthys crocea
 KKF29433 Pepsin A Larimichthys crocea
 BAL14143 Pepsinogen 2 Pagrus major
 ABX89619 Pepsinogen Diplodus sargus
 ABX89618 Pepsinogen Sparus aurata
 XP_018521693 Pepsin A-like Lates calcarifer
 ABY87034 Pepsinogen A1 Epinephelus coioides
 ACT35560 Pepsinogen A2 precursor Siniperca chuatsi
 ACT35559 Pepsinogen A2 precursor Siniperca scherzeri
 ACT35561 Pepsinogen A2 precursor Siniperca chuatsi
 ACF18589 Pepsinogen A2 precursor Siniperca scherzeri
 CAD80095 Pepsin A1 Trematomus bernacchii
 BAG48264 Pepsinogen 2 Thunnus orientalis
 AAB35843 Pepsinogen 2 Scombridae gen. sp.
 BAU37038 Pepsinogen 2 Micropterus salmoides
 ACT75642 Pepsinogen A Channa argus
 AHZ33698 Pepsin Chelon labrosus
 XP_008294554 Pepsin A-like Stegastes partitus
 XP_003444873 Pepsin A Oreochromis niloticus
 AEZ51819 Pepsin Oreochromis niloticus
 XP_006785637 Pepsin A-like Neolamprologus brichardi
 XP_005732885 Pepsin A-like Pundamilia nyererei
 XP_004554332 Pepsin A-like Maylandia zebra
 XP_010900709 Pepsin A-like Esox lucius
 XP_013989866 Pepsin A-like Salmo salar
 XP_014042190 Pepsin A-like Salmo salar
 NP_001153947 Pepsinogen precursor Oncorhynchus mykiss
 XP_014002860 Pepsin A-like Salmo salar
 XP_017577522 Pepsin A-like Pygocentrus nattereri
 XP_017543046 Pepsin A-like Pygocentrus nattereri
 NP_001187944 Pepsin A precursor Ictalurus punctatus
 XP_017323541 Pepsin A-like Ictalurus punctatus
 XP_012679671 Pepsin A-like Clupea harengus
 XP_006628508 Pepsin A-like Lepisosteus oculatus
 BAI52799 Pepsinogen Anguilla japonica
 CBN81179 Pepsinogen 1 Dicentrarchus labrax
 XP_017556380 Pepsin A-like Pygocentrus nattereri
 XP_017338196 Pepsin A-like Ictalurus punctatus





























































Figure 17. Phylogenetic tree for putative Chymotrypsinogen from C. labrosus and other 64 sequences 
downloaded from GenBank after blastp analysis. The evolutionary history was inferred using the 
Neighbor-Joining method (Saitou & Nei, 1987). The optimal tree with the sum of branch length = 
3.70984655 is shown. The percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (1,000 replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn 
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method 
(Zuckerkandl & Pauling, 1965) and are in the units of the number of amino acid substitutions per site. 
The analysis involved 65 amino acid sequences. All positions containing gaps and missing data were 
eliminated. There was a total of 253 positions in the final dataset. Evolutionary analyses were conducted 
in MEGA7 (Kumar et al., 2016).  
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Figure 18. Phylogenetic tree for putative Trypsinogen from C. labrosus and other 50 sequences 
downloaded from GenBank after blastp analysis. The evolutionary history was inferred using the 
Neighbor-Joining method (Saitou & Nei, 1987). The optimal tree with the sum of branch length = 
2.56182383 is shown. The percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (1,000 replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn 
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method 
(Zuckerkandl & Pauling, 1965) and are in the units of the number of amino acid substitutions per site. 
The analysis involved 51 amino acid sequences. All positions containing gaps and missing data were 
eliminated. There was a total of 228 positions in the final dataset. Evolutionary analyses were conducted 





Figure 19. Phylogenetic tree for putative pancreatic alpha-Amylase from C. labrosus and other 49 
sequences downloaded from GenBank after blastp analysis. The evolutionary history was inferred using 
the Neighbor-Joining method (Saitou & Nei, 1987). The optimal tree with the sum of branch length = 
1.64604487 is shown. The percentage of replicate trees in which the associated taxa clustered together in 
the bootstrap test (1,000 replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn 
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction method 
(Zuckerkandl & Pauling, 1965) and are in the units of the number of amino acid substitutions per site. 
The analysis involved 40 amino acid sequences. All positions containing gaps and missing data were 
eliminated. There was a total of 505 positions in the final dataset. Evolutionary analyses were conducted 
in MEGA7 (Kumar et al., 2016). 
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3.2. Gene expression of the GIT enzymes 
Relative expression of pepsinogen was significantly higher in individuals 
maintained at 12 ppt (Figure 20A). In contrast, a significantly higher expression for both 
chymotrypsinogen and trypsinogen was observed in fish maintained at 40 ppt when 
compared to the rest (Figure 20B and C). For pancreatic alpha-amylase, significant 
differences were found between the highest expression in the group of fish maintained 




Figure 20. Gene expression of (A) pepsinogen, (B) chymotrypsinogen, (C) trypsinogen, and (D) 
pancreatic alpha-amylase in juveniles of C. labrosus exposed to different environmental salinities (0, 12, 
40, 55 ppt) for 21 days. Values are mean ± S.E.M. (n = 6 fish per group). Values not sharing a common 
superscript are significantly different with p ≤0.05. 
3.3. Enzymatic activities 
Differences in enzyme activities measured in GIT samples of fish maintained at 
different salinities are summarized in Figure 21. For pepsin, significant differences were 
just observed between the highest values obtained in samples corresponding to fish 
maintained in fresh water and the lowest in fish maintained at 55 ppt (Figure 21A). A 
similar trend was observed for amylase, with a significantly higher value measured in 




































































































































































fish reared in brackish water (12 ppt) compared to the lowest in fish maintained at the 
highest salinity (Figure 21C). For alkaline proteases, significant differences were only 
observed between groups maintained at 40 and 55 ppt (Figure 21B). 
 
 
Figure 21. Activity of (A) pepsin, (B) total alkaline proteases and (C) α-amylase in juveniles of C. 
labrosus exposed to different environmental salinities (0, 12, 40, 55 ppt) for 21 days. Values are mean ± 
S.E.M. (n = 6 fish per group). Values not sharing a common superscript are significantly different with p 
< 0.05. 
3.5. In vitro digestion assay 
The progress of protein hydrolysis, using intestinal extracts from C. labrosus 
acclimated to different environmental salinities, measured through the release of amino 
acids, it is shown in Figure 22. 
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Figure 22. Kinetic of amino acids released during the in vitro digestion with digestive extracts from 
juvenile C. labrosus acclimated to different environmental salinities (0, 12, 40, 55 ppt) for 21 days. 
Values are mean ± S.E.M. (n = 3). Values not sharing a common superscript are significantly different 
with p < 0.05. 
Lower significant values of released amino acids were obtained with enzyme 
extracts obtained from individuals acclimated to either 40 and 55 ppt, in comparison to 
those obtained with extracts from fish at 0 ppt. Solubilization of the protein fraction of 
the feed under different salinities is shown in Figure 23. A significant decrease in 
protein solubility was only observed at 55 ppt. 
 
Figure 23. Solubilization of feed protein in solutions with different salinities. Values are mean ± S.E.M. 
(n = 3). Values not sharing a common superscript are significantly different with p < 0.05. 
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The initial step of this study was the development of the molecular tools, i.e. the 
cloning of full-length cDNAs for pepsinogen, chymotrypsinogen, trypsinogen and 
pancreatic alpha-amylase from C. labrosus. Blast analyses (Table 9) revealed the 
belonging of each gastrointestinal enzyme to its corresponding group, both at the 
nucleotide and putative amino acid translation levels. Therefore, pga from C. labrosus 
is matching pga2 from Sinerperca chuatsi, S. scherzeri, and Micropterus salmoides, and 
pgal from Lates calcarifer and Stegastes partitus. At protein level is more similar to 
Pepsin A-like from S. partitus, L. calcarifer, and Pundamilia nyererei, but to 
Pepsinogen 2 from M. salmoides or Pepsinogen from Diplodus sargus. For ctr is a more 
complex issue, given for the gene there is high identity with ctr2l from Sparus aurata, 
ctral from Larimitchthys crocea, S. partitus and Poecilia Mexicana, and ctr2 from 
Paralichthys olivaceus, whereas at the protein level all the matches are with 
Chymotrypsinogen A-like. Similar to this last one, is happening with try, for which at 
nucleotide level the identity is higher with try from S. chuatsi and Epinephelus coioides, 
try2 from Solea senegalensis, try3 from L. crocea, and try3l from S. partitus. However, 
at protein level the highest identities and similarities are with Trypsinogen from E. 
coiodes, Trysinogen 2 from S. senegalensis, Trypsin 3 from L. crocea and Trypsin 3-
like from S. partitus. This makes difficult an assignment to one of the different isoforms 
present in all the species. Finally, pancreatic alpha amylase is having high identity at 
nucleotide and protein level, as well as high similarity at protein level, with S. aurata, 
Pagrus major, D. sargus, E. coioides, Thunnus orientalis, S. partitus, and L. crocea. 
Besides the Blast analyses, multiple alignments of the different gastrointestinal 
enzymes at the amino acid level showed their different conserved regions and therefore, 
ensures their belonging to each of the corresponding groups (Figures 12 to 15). 
Phylogenetic analysis for deduced Pepsin from Chelon labrosus (Mugiliformes, 
Mugilidae) indicated it belongs to Pepsinogen A2 precursor, being coded by pga2. This 
enzyme clusters very close to the Order Perciformes, and members from Families 
Pomacentridae (1 species), Centrarchidae (1) and Cichlidae (4) (Figure 16). For 
deduced Chymotrypsin the analysis revealed a close evolutionary distance with 
members from Orders Beloniformes (1 species) and Cyprinodontiformes (1+6), 
clustering also close to Perciformes (4), Siluriformes (1) and Characiformes (2) (Figure 
17); it is more difficult the characterization of the gene coding for this enzyme, given 
the characteristics between different members of the group are very similar. Most of the 
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members of the cluster have been annotated as Chymotrypsinogen A-like using gene 
prediction methods supported by EST evidences through genomic sequencing. Until 
more members of the group are cloned, the gene coding for this mRNA is named ctr. 
For Trypsin (Figure 18), the phylogenetic tree showed clustering to Trypsin-3-like in a 
group of species belonging to Orders Perciformes (5 species), Cyprinodontiformes (7), 
Beloniformes (1), Siluriformes (1) and Osteoglossiformes (1), most of them predicted 
sequences from genome sequencing projects. Predicted isoelectric point and charge at 
pH 7.0 is 6.78 and +1.0, respectively, which indicates it belongs to cationic trypsin 
variants, being therefore more indicated to assign it to gene try2. Finally, pancreatic 
alpha Amylase (Figure 19) clusters with other species from Order Perciformes, 
especially from Families Sparidae and Scianidae. 
Once the above identification was completed, it was possible to evaluate the 
expression and activity of the indicated enzymes in individuals acclimated to different 
environmental salinities. Several studies have investigated, in several fish species, the 
influence of diet and development on the gene expression of digestive enzymes 
(Douglas et al., 2000; Darias et al., 2007; Gamboa-Delgado et al., 2011) and its 
biochemical activities (Moutou et al., 2004; Tsuzuki et al., 2007; Sandoval-Muy et al., 
2012). However, there are few reports on this subject when fish are maintained under 
different environmental conditions. Results showed that with the exception of 
pepsinogen, relative expression of the rest of enzymes was significantly higher in fish 
maintained at 40 ppt, this suggesting a greater metabolic demand in fish maintained at 
such salinity. Previous studies in euryhaline teleost have related environmental salinity 
to differences in the metabolic efficiency in the use of protein. In some cases, better 
results have been obtained when fish are maintained at low (6-7 ppt) environmental 
salinities (Alliot et al., 1983; Woo and Kelly, 1995). Asha-Devi and Aravinden (1997) 
and Sandoval-Muy et al. (2012) found similar results in O. mossambicus, suggesting 
that it is due to a better utilization of food in this environment. In the mullet M. 
cephalus, a higher feed efficiency and proteolytic activity has been reported when 
maintained at an intermediate salinity of 10 ppt (Barman et al., 2005). It is suggested 
that maintenance of fish in an optimal environmental salinity could reduce the metabolic 
cost involved in osmotic regulation, this improving growth and feed utilization (Boeuf 
and Payan, 2001; Laiz-Carrión et al., 2005). In the present study, a trend to reduce 
pepsin activity with increasing salinity was observed, although significantly lower 





reduction in pepsin activity may reflect an impaired production of enzyme as 
consequence of an accumulation of salts in those fish maintained at high salinity due to 
the low osmoregulatory capacity of the stomach (Psochiou et al., 2007; Gregório et al., 
2013). The influence of the ionic accumulation in the stomach of fish maintained at this 
high environmental salinity cannot be ruled out.  
Nevertheless, those results are not in complete agreement to the recent review by 
Ern et al. (2014), who conclude that the majority of teleosts exhibit the lowest 
ionoregulatory and osmoregulatory costs at their normal habitat salinity and also that 
the cost itself is probably a minor element of the standard metabolic rate in most 
species. In fact, results of enzyme activity showed a quite different trend, with 
significantly higher values for both pepsin and amylase measured in fish reared in 
brackish water (12 ppt) when compared to the lowest in fish maintained at the highest 
salinity, as well as almost no effect of salinity on the activity of trypsin or 
chymotrypsin. Such evident discrepancies between the timing and magnitude of 
changes in mRNA abundance and their corresponding enzyme activities have been 
described in other works with teleost species suggesting a post-transcriptional or even 
translational regulation of the enzymes, e.g. with trypsin activity (Péres et al., 1998; 
Gawlicka and Horn, 2006). Gamboa-Delgado et al. (2011) postulated that trypsin 
activity might be modulated by numerous factors, so it is difficult to explain the 
relationship between expression and activity. In fact, the level of gene expression in a 
cell is determined by several factors, including the rate of transcription initiation, the 
stability of the mRNA, the efficiency of translation, and post-translational events such 
as protein stability and modification (Macdonald, 2001; Glanemann et al., 2003). In 
addition, several studies have demonstrated experimental evidence for the existence of 
this disparity between transcriptome and proteome (Anderson and Seilhamer, 1997; 
Gygi et al., 1999). It could be concluded that a model suggesting a direct correlation 
between transcription and activity is far from being so simple and that it should consider 
temporal data. Without monitoring expression over time, interpretation of the results 
could be misleading, and discrepancies in the timing or magnitude of transcription and 
translation would easily be missed. This is the case of one-point samplings as those used 
in the present work and many other dealings on a similar subject. On the other hand, a 
multitude of factors may account for discrepancies between measured gene expression 
and enzyme activity levels, being one of the main ones, mRNA stability (Grunberg-
Manago, 1999).  
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Also, as pointed by Glanemann et al. (2003), it seems conceivable that the 
initiation of a high-stability transcript could lead to an initial increase in the level of 
mRNA which would remain stable even if no further transcription was initiated. 
However, the translational machinery can translate a given mRNA many times into 
polypeptides that are then transformed into active enzyme. This would lead to a profile 
with an initial increase in mRNA that is lagged by enzyme activity, which then 
increases by a factor much greater than the increase in mRNA. One can also extend this 
scenario to include the situation in which degradation of the mRNA begins at a certain 
time point and, consequently, enzyme activity reaches a plateau. In addition, differences 
in protein stability and post-translational modifications of enzyme activity are other 
factors that complicate interpretation of the data, mostly in some of them, like pepsin 
and trypsin, which are secreted as precursors and not as fully functional enzymes. 
Present results stress the need for incorporating external data or a different sampling 
procedure involving a more complex and wider time pattern in order to validate 
expression-profiling hypotheses. 
In order to test if an increased delivery of non-absorbed salts to the gut lumen 
could have an impact on the net efficiency of protein hydrolysis by intestinal proteases, 
an in vitro assay was carried out. The results obtained were the net effect of combining 
the enzyme extracts from fish acclimated at variable salinities and the presence of the 
same salt concentrations in the reaction mixture. A significantly reduced protein 
hydrolysis was measured at higher salinities, this suggesting that the interaction 
between the proteases and their substrate in the feed could be affected by the ionic 
strength in the medium. A main effect could be a decrease in the bioaccessibility of the 
protein fraction of the feed to the action of enzymes because of changes in its solubility. 
The presence of ions neutralizes net charges of proteins reducing number of binding 
sites for water and consequently their solubility (Hamm, 1961). In feed ingredients, the 
net result should depend on the relative proportion of different protein fractions present 
in a given raw material, since exist important differences between types of proteins. As 
an example, albumins present in many legumes show high water solubility, while 
globulins, also abundant in these protein sources, become water soluble only in the 
presence of ions. Fibrillar proteins such as actin and myosin, abundant in proteins of 
animal origin (such as fishmeal) are also highly soluble in the presence of certain levels 
of ions, while high concentrations lead to their precipitation (De Jonge et al., 2009). On 





the activity of different enzymes due to the disruption of enzyme structure (Warrant and 
Cheatum, 1966). Although better growth and food utilization have been reported in 
many euryhaline fishes when reared at medium or low salinities (Woo and Kelly, 1995; 
Boeuf and Payan, 2001; Laiz-Carrión et al., 2005), a further in vivo test should be 
required to confirm the existence or not of a decreased nutritional utilization of the 
protein by C. labrosus if maintained under high salinities.  
5. CONCLUSIONS 
1. The gene sequences of the main digestive enzymes evaluated in the present 
study (pepsinogen, trypsinogen, chymotrypsinogen and pancreatic 
alpha-amylase) have been reported for the first time for C. labrosus.  
2. Results confirm the presence of disparity between transcriptome and proteome 
in digestive enzymes of this species, suggesting the existence of post-
transcriptional mechanisms affecting the level of activity of such enzymes 
irrespective of their level of expression. 
3. In vitro assays testing digestive bioaccessibility of protein suggest that, in 
absence of compensatory mechanisms (i.e. an increased enzyme secretion, a 
longer gut retention time) protein hydrolysis could be impaired at higher 
salinities when compared to values obtained a salinity of 12 ppt or lower.  
4. From a practical point of view, it can be deduced that optimal feed efficiency 
can be maintained if this species is reared within a wide range of salinity  
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Thick-lipped grey mullet (Chelon labrosus) is a marine teleost of the Mugilidae 
family very common in the estuaries of Cadiz Bay, having a great importance for 
aquaculture in this area. This euryhaline specie is characterized by amphidromic life 
cycles, migrating to estuarine areas for feeding and other physiological process. The 
influence of four environmental salinities (high salinity water, 55 ppt; seawater, 40 ppt; 
brackish water, 12 ppt and fresh water, 0 ppt) on osmoregulation and energy 
metabolism of juvenile C. labrosus was assessed. Immature specimens (n = 48, 31 ± 2 g 
mean initial body weight) were randomly distributed into four tanks (12 fish per tank) 
and maintained under experimental salinities in a re-circulating system during 21 days. 
At the end of the experiment, specimens were weighed, measured and sampled for 
metabolic and osmoregulatory parameters. In addition, changes in expression were 
measured in specimens maintained under different environmental salinities (0, 12, 40 
and 55 ppt) using real time RT-PCR. Plasma cortisol and glucose levels were 
significantly higher in low salinities (12 > 0 > 40 > 55 ppt). These changes could 
indicate that fish reared at 0 and 12 ppt were under stress situation facing extra energy 
costs. Plasmatic osmolality did not change in the salinity range tested, indicating a good 




-ATPase activity will be presented 
and discussed under this hypothesis. At hepatic level glucose and triglyceride enhanced, 
while glycogen values decreased in specimens acclimated to low salinities (0 and 12 
ppt). Muscle metabolite levels increased in specimens acclimated to the highest salinity 
(55 ppt). Specimens transferred from 40 ppt to freshwater 0, 12 and 55 ppt, enhanced 
pituitary GH expression levels, like a “U-shape” curve, but significant differences were 
not observed. The lowest hepatic IGF-I expression was achieved in fresh water (0 ppt), 
suggesting a negative effect of this environmental salinity on IGF-I expression and, 
probability, on growth process. These results suggest that juvenile of C. labrosus are 












La liseta (Chelon labrosus) es un teleósteo marino de la familia Mugilidae muy 
común en los estuarios de la Bahía de Cádiz, siendo una especie de gran importancia en 
esta zona. Esta especie eurihalina se caracteriza por tener un ciclo de vida anfidrómico, 
migrando a áreas estuarinas para alimentarse y otros procesos fisiológicos. Se analizó la 
influencia de diferentes salinidades ambientales (0, 12, 40 y 55 ppt). Juveniles de liseta 
(n=48, 31 ± 2 g de peso corporal) fueron aleatoriamente distribuidos en cuatro tanques 
(12 peces por tanque), y mantenidos en las distintas salinidades ambientales en un 
sistema de recirculación durante 21 días. Al final del experimento, los ejemplares fueron 
pesados, medidos y muestreados para los análisis metabólicos, osmorreguladores, de 
expression hormonal. Los niveles de cortisol y glucosa plasmáticos fueron 
significativamente altos a bajas salinidades (12 > 0 > 40 > 55 ppt). Estos cambios 
podrían indicar que los peces mantenidos a 0 y 12 ppt se encontraban estresados, lo que 
conlleva un gasto extra de energía. Los niveles de osmolalidad plasmática no mostraron 
cambios en el rango de salinidad testado, indicando una excelente capacidad 




-ATPasa será presentada y discutida 
bajo esta hipótesis. A nivel hepático, en individuos aclimatados a bajas salinidades (0 y 
12 ppt) se produjo un aumento de glucosa y triglicéridos, y una disminución de 
glucógeno. En músculo, los niveles metabólicos aumentaban en los ejemplares 
aclimatados a salinidades extremas (55 ppt). La adaptación a diferentes salinidades 
ambientales inducía un incremento de la expression hipofisaria de GH en salinidades 
extremas, pero sin diferencias significativas. Además, la menor expression de IGF-I 
hepatica se observe en agua dulce (0 ppt), suiriendo un efecto negativo de esta salinidad 
ambiental sobre la expresión de IGF-I y, probablemente, sobre el proceso de 
crecimiento. Estos resultados sugieren que los juveniles de C. labrosus son fuertemente 
eurihalinos, pero la aclimatación a salinidades extremas les conlleva un gasto de energía 
extra. 
  





Thick-lipped grey mullet (Chelon labrosus, Risso, 1827) is a teleost of high 
commercial value, which production could be a good option for diversification of 
aquaculture in the Southern of Spain. This species is characterized by amphidromic life 
cycles, with migrations between areas with different environmental salinities according 
to the stage of the life of the specimens (Cardona, 2006). Its culture can be performed in 
estuarine areas as well as in earthen ponds. The water salinity in these areas is subjected 
to great changes depending on weather conditions. Thus, in times of heavy rains that 
salinity can decrease significantly, while in the summertime greatly increases. As the 
rest of euryhaline fish, C. labrosus adapts well to changes in environmental salinity 
without showing significant alterations in behavior and stress level in a short time 
(Marrero, 2008). However, long periods in fresh water can induce death, because this 
species is unable to sustain a hyperosmoregulatory capacity during long time (Laserre & 
Gallis, 1975).  
As the rest of euryhaline fish, C. labrosus adapts well to changes in 
environmental salinity without showing significant alterations in behavior and stress 
level in a short time (Marrero, 2008). However, long periods in fresh water can produce 
death, because this species is unable to maintain a hyper-osmoregulatory system during 
long time (Lasserre & Gallis, 1975). Growth hormone (GH) and insulin-like growth 
factor I (IGF-I) present a role in fish osmoregulation processes, being important pieces 
for adaptation of specimens to changes in environmental salinity (Mancera & 
McCormick, 1998).  




-ATPase activity is 
involved into gill sodium excretion in seawater and sodium reabsorption by renal 
tubules in fresh water environments (Gallis & Bourdichon, 1976; Gallis et al., 1979). 
However, nowadays there is no data about the changes in metabolic activity during the 
adaptation of C. labrosus to fresh water and high salinity water. The aim of this study 
was to analyze the influence of environmental salinity on the osmoregulatory system 
and metabolism of thick-lipped grey mullet to determine the range of euryhalinity of 
this specie as well as the optimal salinity of the culture. At this optimal salinity, 
reducing metabolic cost of osmotic regulation could improve growth and feed 





environmental salinities on GH and IGF-I expression, as well as the role of these 
hormones on the osmoregulatory process will be assessed. 
2. MATERIALS AND METHODS 
The experiment was carried out in our facilities (University of Cádiz, Spain), 
with juvenile specimens of thick-lipped grey mullet (n=48, initial mean body weight of 
31.0 ± 2.8 g) obtained from natural earthen ponds and acclimated to our facilities. Four 
homogenous groups (12 animals per tank) were randomly distributed in tanks of 400 L 
with different environmental salinities (fresh water: 0 ppt; brackish water: 12 ppt; sea 
water: 40 ppt; and high salinity water: 55 ppt) and maintained in a re-circulating system 
under natural photoperiod conditions (February-March 2010) for 21 days. Fish were fed 
with the 1 % of their body weight. Before the experiment, fish were weighed and 
measured. At the end of the trial specimens were sacrificed, weighed, measured and 
different tissues obtained (plasma, liver and muscle).  
Metabolic parameters (glucose, lactate, glycogen and triglycerides) were 
determinate in these samples using commercial kits (see Chapter 5). In addition, 
osmoregulatory parameters were assessed both in plasma (cortisol and osmolality) as 




-ATPase activity) (see Chapter 5). For mRNA 
expression (qPCR) analysis, the pituitary gland and several biopsies from the liver of 
each animal were preserved in 500 % (w/v) RNAlater® (Ambion, LifeTechnologies), 
kept overnight at 4 ºC and then stored at 20 ºC until being processed for RNA 
extraction. Hormone expressions were measured using real time RT-PCR (see Chapter 
X). All experimental procedures complied with the Guidelines of the European Union 
(2010/63/UE) and the Spanish legislation (RD53/2013 and law 32/2007) for the use of 
laboratory animals. 
Differences between groups were tested by one-way ANOVA using the different 
environmental salinities as a factor of variance. Homogeneity of variances was analyzed 
with Levene´s test. When P values showed significance, individual means were 
compared using Tuckey´s post-hoc test. Statistical significance was accepted at P < 
0.05. When not satisfied the normality of the data, we applied the logarithm base 10 
transformation. 
 




3. RESULTS AND DISCUSSION 
Table 10 presented growth rates of juveniles specimens of C. labrosus 
acclimated to different experimental salinities during 21. Weight gain percentage was 
highest in fish acclimated to brackish water (12 ppt), while the lowest values were 
observed in fresh water (0 ppt) group. The rest of parameters did not show significant 
differences between groups, probably due to the short period of the experiment. In the 
same line, Hotos & Vlahos (1998) deduced that both C. labrosus and Mugil cephalus 
fry can tolerated abrupt salinity changes from 20 ppt to 40 ppt without mortality. 
However, if salinity increase gradually, both species can acclimatize to salinities greater 
than 100 ppt.  
Table 10. Biometric parameters of specimens of C. labrosus acclimated to different salinities. Data are 
presented as mean  SEM (n= 12). Different superscripts are significantly different (P < 0.05). K: 
condition factor; SGR: specific growth ratio; WG: weight gain: HSI: hepatosomatic index. 
 0 ppt 12 ppt 40 ppt 55 ppt 
Initial weight (g) 33.6 ± 2.7 31.7 ± 4.0 24.7 ± 1.9 33.7 ± 2.9 
Initial size (cm) 14.1 ± 0.4 13.9 ± 0.5 13.0 ± 0.3 13.8 ± 0.4 
Final weight (g) 33.8 ± 2.8 34.5 ± 4.2 27.3 ± 1.9 35.1 ± 3.0 
Final size (cm) 14.2 ± 0.4 14.1 ± 0.5 13.1 ± 0.3 14.1 ± 0.4 
K (%) 1.2 ± 0.1 1.3 ± 0.2 1.3 ± 0.1 1.3 ± 0.1 
SGR (%) 0.0 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.0 
WG (%) -1.4 ± 2.2
a
 13.2 ± 2.2
b
 8.3 ± 1.6
b
 6.8 ± 1.2
b
 
HSI (%) 1.8 ± 0.1 1.7 ± 0.2 1.3 ± 0.2 1.9 ± 0.2 
Different authors have described in some euryhaline species, including C. 




-ATPase activity and environmental 
salinity presented a “U-shaped” curve (Gallis et al., 1979; Laiz-Carrión et al., 2005; 
Herrera et al., 2009). In our study, this enzymatic activity showed a similar pattern, with 
the highest activities at extreme salinities (0 and 55 ppt) and the lowest in brackish 





presented an inverse linear relationship respect to environmental salinity, reducing its 
activity with increasing salinity (Figure 24B). Plasma osmolality levels enhanced with 



















































































































































activity; and (c) plasma osmolality in specimens of C. labrosus acclimated to different environmental 
salinities by 21 days.. Data are presented as mean  SEM (n= 12). Different superscripts are significantly 
different (P < 0.05). 
In some euryhaline teleost (i.e. gilthead sea bream Sparus aurata) plasma 
cortisol increased when environmental salinity decreased (Mancera et al., 1993). This 
coupled with a parallel enhancement in plasma glucose levels, indicating a state of 
hyperglycemia in specimens under these environmental conditions. Our results showed 
the same pattern of change (Figures 25A y 25B), suggesting that acclimation to low 
environmental salinities (0 and 12 ppt) induce a stress situation with enhanced plasma 
cortisol and glucose levels. The observed high plasma cortisol values with low plasma 
glucose levels in specimens maintained under freshwater conditions could be ascribe to 
an enhancement of glucose consumption under this environmental salinity. 
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Figure 25. Plasmatic stress parameters (a, glucose; b, cortisol) determined in specimens of C. labrosus 
acclimated to different environmental salinities by 21 days. Data are presented as mean  SEM of groups 
(n= 12). Different superscripts are significantly different (P < 0.05). 
The rest of plasmatic parameters (triglycerides and lactate) did not show any 
significant differences (Table 10). Hepatic levels of glucose and triglycerides presented 
high values in specimens acclimated to 12 ppt (Table 10), in agreement with plasmatic 
cortisol and glucose values. On the other hand, muscle metabolites showed no 
significant differences between experimental groups, although the lowest values were 






Table 11. Plasmatic, hepatic and muscular metabolites in juvenile C. labrosus specimens acclimated to 
different experimental salinities during 21 days. Dates are presented as mean  SEM. Different 
superscripts are significantly different (P < 0.05).  
 0 ppt 12 ppt 40 ppt 55 ppt 
PLASMA     
Lactate (mM) 1.9 ± 0.2 2.2 ± 0.2 2.1 ± 0.2 2.4 ± 0.2 
Triglycerides (mM) 1.13 ± 0.07
a
 0.77 ± 0.05
b
 0.69 ± 0.04
b
 0.77 ± 0.07
b
 
LIVER     
Glucose (μmol glc/g pf) 78.9 ± 3.4
a
 81.1 ± 3.9
a
 57.9 ± 8.1
b
 48.8 ± 3.7
b
 
Glycogen (μmol gly/g pf) 206.1 ± 9.2
a
 194.9 ± 13.0
a
 199.4 ± 14.5
a
 276.4 ± 13.5
b
 




 4.2 ± 0.2
a
 2.9 ± 0.2
bc
 2.6 ± 0.2
c
 
MUSCLE     
Glucose (μmol glc/g pf) 29.8 ± 2.0
ab
 31.2 ± 3.3
ab
 35.9 ± 3.1
a
 23.5 ± 1.8
b
 
Glycogen (μmol gly/g pf) 36.5 ± 3.0 37.7 ± 3.1 47.5 ± 4.3 42.5 ± 4.0 




 2.0 ± 0.1
a
 2.4 ± 0.2
a
 3.3 ± 0.2
b
 
Lactate (μmol lac/g pf) 50.2 ± 4.0
ab
 45.4 ± 3.9
a
 60.4 ± 3.3
b
 53.6 ± 3.5
ab
 
When juveniles of C. labrosus were transferred from seawater (40 ppt) to 
freshwater (0 ppt), brackish water (12 ppt) or high salinity water (55 ppt), there was an 
increase in pituitary GH levels, like a “U-shape” curve, but significant differences were 
not observed (Figure 26A). Furthermore, cortisol levels enhanced in freshwater and 
brackish water, while decreased in high salinity water respect to values observed in sea 
water (Figure 26C). These results are consistent with the ones from similar studies, like 
Acanthopagrus schlegeli, which increased cortisol levels in freshwater acclimation 
(Tomy et al., 2008). But in other species, such as Oreochromis mossambicus, was 
reported the inverse effect, increasing GH expression levels in sea water and decreasing 
in freshwater (Magdeldin et al., 2007). Thus, pituitary GH and plasma cortisol seems to 
cooperate to increase osmoregulatory ability in C. labrosus, similarity to the reported in 
other teleost species (Mancera & McCormick, 1998). On the other hand, in this study, 
the lowest hepatic IGF-I expression was achieved in fresh water (0 ppt), suggesting a 
negative effect of this environmental salinity on IGF-I expression and, probability, on 
growth process (Figure 26B). 
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Figure 26. Pituitary GH expression (a), hepatic IGF-I expression (b), Data are presented as mean  SEM 
(n = 6). Different letter means statistically significant difference (P<0.05). 
These results indicate that C. labrosus is able to adapt to a wide range of 
environmental salinities, at least during the experimental period of 21 days, carrying out 





-ATPase activities as well as absence of any change in plasma 
osmolality values confirm the good osmoregulatory capacity of this species submitted to 
changes in external salinity. GH, IGF-I and cortisol play an important role for seawater 
adaptation in this species. In addition, the energy requirements needed to support these 
environmental alterations are covered by plasmatic and hepatic metabolites, adapting 







1. Juvenile specimens of Chelon labrosus were able to osmoregulate and grow in 
different environmental salinities (fresh water, brackish water and high salinity 
water) during the experimental period tested (21 days).  
2. Modifications in environmental salinity induced metabolic reorganization in 
different tissues (plasma, liver and muscle) to compensate osmoregulatory 
changes induced by salinity acclimation.  
3. GH, IGF-I and cortisol play an important role for seawater adaptation in this 
species.  
4. Chelon labrosus is a strongly euryhaline species, but acclimation to extreme 
environmental salinities involve to energy expenditure. 
ACKNOWLEDGEMENTS 
The authors wish to thank Estero Leocadia (Cádiz, Spain) for providing 
experimental fish. This work was funded by project AGL2010-14876 from MICINN to 
JMM. JAM-S is supported by a predoctoral fellowship (FPU, Reference AP2008-
01194) from Ministry of Education (Spain).  
  





Boeuf, G., Payan, P., 2001. How shoud salinity influence fish growth? Comp. Biochem. Physiol., 130, 
411-423. 
Cardona, L., 2006. Habitat selection by grey mullets (Osteichhyes: Mugilidae) in Mediterranean 
estuaries: the role of salinity. Scientia Marina, 70 (3), 443-455. 




) dependent ATPase activity in gills and kidneys 
of two mullets Chelon labrosus (Risso) and Liza ramada (Risso) during fresh water adaptation. 
Biochimie, 58, 625-627. 
Gallis, J.L., Lasserre, P., Belloc, F., 1979. Freshwater adaptation in the euryhaline teleost, Chelon 





) ATPase in gill and kidney. Gen. Comp. Endocr., 38, 1-10. 
Herrera, M., Vargas-Chacoff, L., Hachero, I., Ruiz-Jarabo, I., Rodiles, A., Navas, J.I., Mancera, J.M., 
2009. Osmoregulatory changes in wedge sole (Dicologlossa cuneata Moreau, 1881) after 
acclimate,ion to different environmental salinities. Aquac. Res., 40, 762-771. 
Hotos, G.N., Vlahos, N., 1998. Salinity tolerance of Mugil cephalus and Chelon labrosus (Pisces: 
Mugilidae) fry in experimental conditions. Aquaculture, 167, 329-338. 
Laiz-Carrión, R., Sangiao-Alvarellos, S., Guzmán J.M., Martín del Río, M.P., Soengas, J.L., Mancera, 
J.M., 2005. Growth performance of gilthead sea bream Sparus aurata in different osmotic 
conditions: Implications for osmoregulation and energy metabolism. Aquaculture, 250, 849-861. 
Lasserre, P., Gallis, J.L., 1975. Osmoregulation and differential penetration of two grey mullets, Chelon 
labrosus (Risso) and Liza ramada (Risso) in estuarine fish ponds. Aquaculture, 5, 323-344. 
Magdeldin S., Uchida K., Hirano T., Grau E.G., Abdelfattah A., Nozaki M., 2007. Effects of 
environmental salinity on somatic growth and growth hormone/insulin‐like growth factor‐I axis 
in juvenile tilapia Oreochromis mossambicus. Fisheries Sci., 73, 1025-1034. 
Mancera J.M., McCormick S.D., 1998. Osmoregulatory actions of the GH/IGF axis in non-salmonid 
teleosts. Comp. Biochem. Physiol., 121 (B), 43-48. 
Mancera, J.M., Pérez-Figares, J.M., Fernández-Llebrez, P., 1993. Osmoregulatory responses to abrupt 
salinity changes in the euryhaline gilthead sea bream (Sparus aurata L.). Comp. Biochem. 
Physiol., 106 (A), 2: 245-250. 
Marrero, M.J., 2008. Estrés osmótico en Chelon labrosus (Risso, 1827). Anales Universitarios de 
Etología, 2, 56-61. 
Tomy S., Chang Y.M., Chen Y.H., Cao J.C., Wang T.P., Chang C.F., 2008. Salinity effects on the 
expression of osmoregulatory genes in the euryhaline black porgy Acanthopagrus schlegeli. Gen. 












Starving/re-feeding processes induces metabolic 
modifications in thick-lipped grey mullet (Chelon 
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The effects of starvation and re-feeding on metabolites and tissue composition, 
GH/IGF-I axis, and digestive enzyme activities in juvenile thick-lipped grey mullet 
(Chelon labrosus) were evaluated. Fish were divided into three feeding groups (n= 72, 
82.00 ± 4.09 g initial body mass). The control group was fed 1 % of their body mass once a 
day throughout the experiment with commercial pellets. The other two groups were 
deprived of feed for 21 days (starved), or re-fed during 7 days after 14 days of food 
deprivation (re-fed). Full-length cDNAs from pituitary GH and hepatic IGF-I were cloned 
by screening a cDNA library or by PCR techniques. Furthermore, changes in their mRNA 
expressions were assessed by real time PCR in specimens maintained under the different 
feeding patterns. Results showed a negative growth in starved and re-feeding groups. 
Starvation induced a significant increase in plasma triglycerides as well as a decrease in 
liver glucose and glycogen. Re-feeding increased plasma glucose, lactate and protein, as 
well as liver glucose and glycogen. In addition, starvation significantly increased pituitary 
GH expression, while re-feeding down-regulated it. No significant changes were observed 
in hepatic IGF-I expression in any dietary treatment. Digestive enzyme activities were not 
significantly affected either by starvation or by re-feeding. The results of the present work 
suggest that juveniles of the thick-lipped grey mullet may easily adjust their metabolism 


















Se evaluó el efecto del ayuno y realimentación en la actividad metabólica y 
composición de tejidos, el eje GH/IGF-I, y la actividad de las enzimas digestivas en 
juveniles de liseta (Chelon labrosus). Los peces fueron distribuidos en tres grupos con 
distinto regimen alimenticio (n= 72, 82.00 ± 4.09 g peso corporal inicial). El grupo 
control fue alimentado una vez al día con pienso commercial (1 % del peso corporal) a 
lo largo de todo el experiment. El grupo de ayuno (Starved) estuvo sin comer durante 
los 21 días del experimento, y el grupo de realimentación (Re-Fed) fue realimentado los 
últimos 7 días del ensayo, tras 14 días de ayuno. Se clonó, mediante screening de 
genotecas y técnicas de PCR, la longitud total de cDNAs de la GH hipofisaria y de la 
IGF-I hepatica. Además, se analizó mediante PCR a tiempo real, cambios en la 
expression de RNAm en individuos mantenidos bajo distintos hábitos alimenticios. Los 
resultados mostraron un crecimiento negative en los grupo de ayuno y realimentación. 
El ayuno inducía un aumento significativo de los triglicéridos plasmáticos, así como una 
disminución de los niveles de glucose y glucógeno hepáticos. El proceso de 
realimentación mostró un incremento de glucosa, lactato y proteína plasmáticos, al igual 
ocurría con los niveles de glucosa y glucógeno hepáticos. Igualmente, el ayuno 
incrementaba significativa la expression de GH hipofisaria, mientras que la 
realimentación la disminuía. No se observaron cambios significativos en la expression 
de IGF-I hepatica en ninguno de los tratamientos experimentales. La actividad de las 
enzimas digestivas no se vió afectada por los procesos de ayuno y realimentación. Los 
resultados sugieren que los juveniles de liseta son capaces de ajustar fácilmente su 










Many fish species are routinely affected in the wild by periods of starvation of a 
variable length (Pérez-Jimenez et al., 2007; Furné et al., 2009; Bayir et al., 2011). This 
situation has clear effects on their metabolism, being reflected in different responses 
mainly related to the type of substrates used to provide energy, the growth rates 
observed, and in the functionality of their digestive system (Jobling, 2001). Re-feeding 
after starvation may also induce different responses compared to fasting or continual 
feeding situations, since recovery from food deprivation depends on several factors such 
as the species, environmental conditions, length of the period of food deprivation, and 
previous feeding history (Navarro & Gutiérrez, 1995; McCue, 2010). In general, during 
re-feeding fish show a fast weight recovery, known as compensatory growth, and a 
rapid restoration of the initial metabolic profile (Metón et al., 2003; Morales et al., 
2004). Different metabolic strategies to provide energy during fasting periods have been 
described in fish. In some species, glycogen is the first energy store mobilized in liver to 
face food deprivation (Figueiredo-Garutti et al., 2002; Metón et al., 2003). Some others 
maintain the hepatic glycogen reserve by means of gluconeogenesis using amino acids 
mobilized from skeletal muscle (Navarro & Gutiérrez, 1995; Echevarría et al., 1997; 
Metón et al., 2003).  
Growth Hormone (GH) and Insulin-like Growth Factor-I (IGF-I) appear to 
mediate many of the key processes required for normal tissue growth and repair. In 
addition, GH and IGF-I promote tissue amino acid uptake, enhance protein synthesis 
and/or decrease protein degradation, and thus facilitate tissue anabolic processes 
(Estivariz & Ziegler, 1997). It seems that fish are able to cope with long periods of 
nutrient restriction that may occur in the wild partly by modulating the expression of a 
variety of genes associated with the GH/IGF-I system (Wood et al., 2005; Gabillard et 
al., 2006). When food supplies are restricted, energy is diverted away from growth and 
storage to support other essential physiological processes related to maintenance and 
conservation of the basal metabolism. Interactions between these hormones during 
different nutritional states have been reported in several teleosts (Small & Peterson, 
2005; Gabillard et al., 2006). In several fish, starvation decreases hepatic IGF-I 
expression while re-feeding increases it, suggesting that nutritional status regulates IGF-





Cortisol is an important glucocorticoid hormone that affects several metabolic 
processes. Starvation is considered a chronic stress condition that elevates plasma 
cortisol levels (Wendelaar Bonga, 1997, Mommsen et al., 1999). However, its role 
during starving/re-feeding is not clear, since the responses seem to be species-dependent 
(Wunderink et al., 2012). 
In addition, when facing starvation or poor food quality, fish may reduce the 
function of their gastrointestinal tract to conserve energy. The activity of digestive 
enzymes is closely connected to the availability of essential nutrients providing energy 
(Johnston et al., 2004). Some fish species submitted to starvation showed a decrease in 
the activity of trypsin and lipase, which were recuperated after re-feeding (Krogdahl & 
Bakke-McKellep, 2005). However, other species showed a different effect after a brief 
starvation, with an increase in enzymatic activities in the digestive tract (Gildberg, 
2004). It follows that the analysis of these activities may be an easy and reliable method 
that can be used as indicator of the nutritional condition in a given species of fish 
(Hidalgo et al., 1999; Sunde et al., 2004; Cara et al., 2007).  
Herbivorous species have been described as continuous feeders, while 
piscivorous fish may suffer periods of starvation, thus they need a rapid metabolic and 
digestive adaptation to support this situation (Pérez-Jiménez et al., 2007; Kelli et al., 
2011; Wunderink et al., 2012). Thick-lipped grey mullet (Chelon labrosus, Risso, 1827) 
is a marine teleost of the family Mugilidae, very common in the estuaries and natural 
earthen ponds of the Bay of Cadiz (Spain) (Drake & Arias, 1984). Thick-lipped grey 
mullet culture is often associated to the culture of other fish species, like sea bream and 
sea bass, in the salt marshes and earthen ponds from Southern Spain. Consequently, the 
intensive production of C. labrosus could be a good option for diversification in 
aquaculture in this area and in others of the Mediterranean Sea (Calderer-Reig, 1993). 
This euryhaline species is characterized by amphidromic life cycles, where fry enter 
estuarine areas for growth and feeding, and adults return to the sea for reproduction 
(Crosetti & Cataudella, 1995; Cardona, 2006). During these migrations, C. labrosus can 
suffer some periods of starving and recovering after feeding. In addition, mullets have 
been described as omnivorous species in the early stages and they tend to become 
herbivorous over time (Wassef et al., 2001). C. labrosus also changes its feeding habits 
when increases the size, being zooplanktophagus in early stages, and phytobentonic in 
adult stages (Albertini-Berhaut, 1973; Castel, 1985; Tosi & Torricelli, 1988). It is 




known that herbivorous species are continuous feeders, while carnivorous are less 
restricted to food availability, with a rapid metabolic adaptation to long periods of 
starvation (Uchida et al., 2003; Pérez-Jiménez et al., 2007).  
The aim of this study was to assess the physiological changes in C. labrosus 
when facing a short period of starvation and subsequent re-feeding using a multi-
factorial approach comprising the evaluation of changes in different metabolites and 
enzymes involved in energy supply pathways, expression of GH and IGF-I and activity 
of some digestive enzymes. From an applied point of view, a better knowledge on those 
aspects may result in the formulation of better diets and feeding patterns for this species. 
2. MATERIALS AND METHODS 
2.1. Animals and experimental design  
Juvenile thick-lipped grey mullet C. labrosus, Risso 1827 (n = 72, 82.00 ± 4.09 
g initial body mass) were kindly provided by IFAPA "El Toruño" (El Puerto de Santa 
Maria, Cádiz, Spain) and transferred to the wet laboratories of Servicios Centrales de 
Investigación de Cultivos Marinos (SC-ICM) (CASEM, University of Cádiz, Puerto 
Real, Cádiz, Spain; Operational Code REGA ES11028000312), where they were 
acclimated for 15 days to 38 ppt salinity (1,049 mOsm·kg
-1
 H2O osmolality) in 5 m
3
-
tank in a flow-through system. Three experimental groups (control, starved and re-fed) 
were randomly distributed in three 1 m
3
-tanks and maintained in a flow-through system 
circuit under natural conditions of water temperature (18 ± 1 ºC), salinity (40 ppt) and 
photoperiod (June 2011) for the latitude (36° 31' 44'' N) for 21 days. Control group was 
fed once a day with a ration of 1 % of their body weight with commercial pellets (Élite-
Skretting). Starved fish were not fed during the trial. At day 14, the re-feeding group 
was re-fed and maintained as described for the control group. No mortality was 
observed in any of the groups during experimentation. The duration of the experiment 
was similar to that used in analogous studies dealing with food deprivation in other 
teleost fish as in Dicentrarchus labrax (Pérez-Jiménez et al., 2007), Oreochromis 
mossambicus (Fox et al., 2010), or Solea senegalensis (Wunderink et al., 2012), In 
addition, previous studies performed by our research group with this species showed 
that a two weeks period of starvation is enough to produce stress, confirmed by changes 
in several endocrine and metabolic indicators, whereas shorter periods did not produce 





All experimental procedures complied with the Guidelines of the European 
Union (2010/63/UE) and the Spanish legislation (RD53/2013 and law 32/2007) for the 
use of laboratory animals. 
2.2. Sampling 
On day 0 (control time 0), as well as at days 14 and 21, twelve fish from each 
experimental group were anaesthetized with 2-phenoxyethanol (0.3 mL·L
-1
), weighed, 
measured and sampled. All the groups were fasted for 24 hours before each sampling 
point. Blood was obtained from the caudal vein using ammonium-heparinized syringes 
(25,000 units of ammonium heparin Sigma H6279; 3 mL saline solution 0.6 % NaCl). 
Plasma was obtained after blood centrifugation (3 min using ALC micro centrifugette 
4204 at ≈13,000 x g) and stored at -80 ºC until subsequent analysis. For mRNA 
expression (qPCR) analysis, the pituitary gland and several biopsies from the liver of 
each animal were preserved in 500 % (w/v) RNAlater® (Ambion, LifeTechnologies), 
kept overnight at 4 ºC and then stored at -20 ºC until being processed for RNA 
extraction. Moreover, the complete liver from each specimen was extracted and 
weighed to calculate the hepatosomatic index (HSI), immediately frozen in liquid 
nitrogen and stored at -80 ºC. Frozen liver samples were divided into two parts to assess 
both enzymatic activities and levels of different metabolites. The tissues used for the 
assessment of metabolites were finely minced on an ice-cold Petri dish and 
subsequently homogenized by mechanical disruption (Ultra-Turrax, T 25 basic, IKA
®
-
WERKE) with 7.5 vol. (w/v) of ice-cooled 0.6 N perchloric acid and neutralized after 
the addition of the same volume of 1 M KHCO3. The tissues used for the assessment of 
enzyme activities were homogenized by mechanical disruption (Ultra-Turrax, T 25 
basic, IKA
®
-Werke) in 10 vol. of ice-cold stopping-buffer containing 50 mM imidazole-
HCl (pH 8.5), 1 mM 2-mercaptoethanol, 50 mM NaF, 4 mM EDTA, 250 mM sucrose, 
and 0.5 mM p-methyl-sulphonylfluoride (Sigma Chemical Co., St. Louis, MO, USA), 
the latter added as dry crystals immediately before homogenization. The homogenates 
were centrifuged (30 min, 13,000 g, 4 °C, Eppendorf 5415R) and the supernatants were 
stored in different aliquots at −80 °C until use in metabolite or enzymatic assays.  
For digestive enzymatic activities, the complete digestive systems of fish were 
obtained by dissection, immediately frozen in liquid nitrogen and stored at -80 ºC until 
processing. Before analysis, the digestive system from each fish was thawed and the 




stomach and intestine were individually separated. Samples were homogenized in 
distilled water (1:5) and centrifuged (12,000 g, Eppendorf 5415 R) at 4 ºC for 15 min. 
Supernatants were used to measure pepsin, α-amylase and trypsin activities. 
Concentration of soluble protein in samples was determined by Bradford method using 
bovine serum albumin (1 mg·mL
-1
) as a standard.  
2.3. Assay of metabolites in plasma and liver 
Plasma glucose, lactate and triglycerides were measured using commercial kits 
(Spinreact SA, Sant Esteve d’en Bas, Girona, Spain: Glucose HK Ref 1001200; Lactate 
Ref 1001330; Triglycerides Ref 1001311). Plasma protein was determined using the 
bicinchoninic acid method with BCA protein kit (Pierce, Rockford, USA) for 
microplates, with bovine serum albumin as standard. Those assays were adapted to 96-
well microplates and run on a PowerWave
TM
 340 microplate spectrophotometer 
(BioTek Instruments, Winooski, VT, USA) using KCjunior Data Analysis Software for 
Microsoft
®
 Windows XP. In all protocols involving commercial kits cited here and 
elsewhere in this study, the manufacturer´s instructions were followed, except where 
noted. 
Plasma cortisol levels were measured by Enzyme Immune-Assay (EIA) using 
microtiter plates (MaxiSorp™, Nunc, Roskilde, Denmark) as previously described for 
testosterone (Rodriguez et al., 2000; Martos-Sitcha et al., 2014). Steroids were extracted 
from 5 μL plasma in 100 μL RB (10 % v/v PPB (Potassium Phosphate Buffer) 1 M, 
0.01 % w/v NaN3, 2.34 % w/v NaCl, 0.037 % w/v EDTA, 0.1 % w/v BSA (Bovine 
Serum Albumin)) and 1.2 mL methanol (Panreac) and evaporated during 48-72 hours at 
37 ºC. Cortisol EIA standard (Cat. #10005273), goat anti-mouse IgG monoclonal 
antibody (Cat. #400002), specific cortisol express EIA monoclonal antibody (Cat. 
#400372) and specific cortisol express AChE tracer (Cat. #400370) were obtained from 
Cayman Chemical Company (Michigan, USA). Standards and extracted plasma samples 
were run in duplicate. Standard curve was run from 2.5 ng·mL
-1





0.996). The lower limit of detection (98.29 % of binding, ED92.87) was 2 pg/mL. The 
percentage of recovery was 95 %. The inter- and intra-assay coefficients of variation 
(calculated from the sample duplicates) were 1.02 ± 0.35 % and 4.12 ± 0.27 %, 
respectively. Cross-reactivity for specific antibody with intermediate products involved 





11-deoxycorticosterone (0.23 %), 17-hydroxyprogesterone (0.23 %), cortisol 
glucurinoide (0.15 %), corticosterone (0.14 %), cortisone (0.13 %), androstenedione 
(<0.01 %), 17-hydroxypregnenolone (<0.01 %), testosterone (<0.01 %)). 
Tissue lactate and triglyceride levels were determined spectrophotometrically in 
liver samples using the same commercial kits as described for plasma. The amount of 
tissue glycogen was measured using the method described by Keppler and Decker 
(1974). Glucose obtained after glycogen breakdown (after subtracting free glucose 
levels) was determined with the commercial kit described above (Spinreact). 
Enzymatic activities (HK: hexokinase; G6PDH: glucose-6-phosphate 
dehydrogenase; FBPase: fructose-2, 6-biphosphatase; GDH: glutamate dehydrogenase; 
G3PDH: glycerol-3-phosphate dehydrogenase; LDH: lactate dehydrogenase; PK: 
pyruvate kinase; GPase: glycogen phosphorylase; GPT: glutamic pyruvate 
transaminase; and GOT: glutamic oxaloacetic transaminase) were assessed. Specific 
conditions for the enzymes were previously described by Laiz-Carrión et al. (2002) and 
Sangiao-Alvarellos et al. (2003). Spectrophotometric determinations were performed 
with a PowerWave
TM
 340 microplate spectrophotometer (BioTek Instruments, 




2.4. Expression of GH and IGF-I 
Cloning of partial GH and IGF-I cDNAs from C. labrosus 
Firstly, a set of degenerate primers (Invitrogen™, Life Technologies; Table 12) 
was designed according to the most highly conserved sequences of cDNAs between 
different species of teleosts for GH, Mugil platanus (GenBank accession. no. 
AY775148), Acanthopagrus schlegelii (GenBank accession. no. AY714371); Cyprinus 
carpio (GenBank accession no. M27000) and Sparus aurata (GenBank accession no. 
S54890); A. schlegelii (GenBank accession no. AF030573), and for IGF-I Ictalurus 
punctatus (GenBank accession no. AY353852), Oreochromis mossambicus (GenBank 
accession no. AF033797) and Mugil cephalus (GenBank accession. no. AY427954). 
Total RNA was prepared from complete digestive system (≈1 g) or brain of C. labrosus 
in each case using the NuceloSpin
®
 RNA II kit (Macherey-Nagel). Samples were 
homogenized in a volume of RA1 buffer with ß-mercaptoethanol 1 % v/v (Sigma) 









column RNase-free DNase digestion was performed according to the manufacturer’s 
protocol. At this point and further, RNA quality was checked in a Bioanalyzer 2100 
with the RNA 6000 Nano kit, whereas RNA quantity was measured 
spectrophotometrically at 260 nm in a BioPhotometer Plus (Eppendorf). Total RNA (2 
µg) were reverse-transcribed in a 20 µL reaction using 250 ng random primers 
(Invitrogen LifeTechnologies) and 200 U Superscript III reverse transcriptase 
(Invitrogen LifeTechnologies), with the manufacturer’s first strand buffer (1x final 
concentration), DTT (5 mM final concentration) and dNTPs (0.5 mM final 
concentration) at 25 ºC for 5 min, 50 °C for 60 min, and 70 ºC for 15 min. PCR reaction 
was performed with 1 U Platinum Taq DNA polymerase (Invitrogen LifeTechnolgies) 
with the first strand cDNA (corresponding to 100 ng of input total RNA), 
manufacturer’s PCR buffer (1x final concentration), 200 nM each sense and antisense 
primers, 200 µM dNTPs mixture, and 1.5 mM MgCl2 in a total volume of 20 µL. 
Samples were cycled at 94 ºC for 1 min, followed by 35 cycles at [94 ºC for 30 s, 
50-60 ºC gradient for 30 s, and 72 ºC for 1 min], and a final step at 72 ºC for 10 min, in 
a Mastercycler
®
proS vapoprotect (Eppendorf). PCR products were identified in a 1.5 % 
agarose gel eletrophoresis and ligated with the TOPO TA Cloning
® 
Kit for Sequencing 
(Invitrogen
TM




 vector and were sequenced 
by the dideoxy method in a Biotechnology company (Newbiotechnique S.A., Seville, 
Spain). PCR products had a nucleotide identity of 100 % with IGF-I from M. cephalus 
(GenBank accession no. AY427954), Epinephilus lanceolatus (GenBank accession no. 
EU280323), Solea senegalensis (GenBank accession no. AB248825) and 99 % with GH 
from M. platanus (GenBank accession no. AY775148) and Oreochromis niloticus 
(GenBank accession no. M26916). 
For the preparation of the IGF-I probe, around 2 µg of the plasmid DNA 
containing the partial IGF-I sequence was digested with 10 U of EcoRI (Takara) in a 
volume of 40 µL, the digestion product was separated on an 1 % agarose gel and the 
band of about 400 pb was excised and purified with the QIAquick kit (Qiagen). The 
cDNA fragment was diluted till a final concentration of 25 ng µL
-1
 in TE buffer (10 mM 






Construction and screening of a gastro-intestinal tract (GIT) cDNA library and cloning 
of IGF-I full length cDNA 
Total RNA was prepared from 1 g of C. labrosus fresh gastrointestinal tract 
containing liver, spleen and pancreas using an Ultra-Turrax ® T25 (IKA®-Werke) and 
the RNeasy maxi kit (Qiagen), while mRNA was isolated from total RNA using the 
Oligotex Midi Kit (Qiagen). The digestive cDNA library was constructed using the 
lambda ZAP-cDNA/Gigapack III Kit (Stratagene, Agilent Technologies; product 
already discontinued), with few modifications to the manufacturer’s protocol, consisting 
in the use of the Agilent 2100 Bioanalyzer (Agilent Technologies) instead of labelling 
cDNAs with 
32
P, avoiding the agarose and polyacrilamide gel electrophoresis, or the use 
of the ethidium bromide plate assay for the final quantification of the cDNA fractions.  
Approximately 250,000 pfu from C. labrosus digestive library were plated in a 
240 x 240 mm NZY agar plates (Nunc), and transferred onto a Hybond-N Nylon 
membrane (GE LifeSciences). Blots were prehybridized for 1 h at 42 ºC in 
prehybridization buffer (50 % formamide, 6x SSPE, 5 % SDS 10x, 5x Denhart´s 
solution, 0.1 mg/mL yeast RNA type III). For hybridization, 25 ng of partial IGF-I was 
radiolabeled using the RadPrime DNA Labeling System (Invitrogen, LifeTechnologies) 
and [α32P] dCTP (PerkinElmer), and allowed to hybridize with the Nylon membranes 
overnight at 42 ºC. Blots were washed twice in 2X SSC-0.1 % SDS for 30 min each at 
room temperature, twice in 1X SSC-0.1 % SDS for 30 min at 42 ºC, and twice in 0.5X 
SSC-0.1 % SDS for 30 min at 60 ºC, till background was very low. Membranes were 
exposed to autoradiography film (Amershan, GE LifeSciences) for two days with 
intensifying screens at -80 ºC. Positive plaques were isolated and subjected to further 
two round of hybridization/isolation. After the third round of the screening, several 
putative clones from the digestive library were isolated and excised in vivo excision 
using E. coli XL1-Blue MRF´ and SOLR strains (Stratagene, Agilent Technologies 
LifeSciences). Then, positive colonies from each clone were picked up and plasmid 
DNA prepared in a mini-prep column (GenElute™ Five-Minute Miniprep Kit; 
SIGMA
®
). Plasmids were double digested by EcoRI and XhoI (Takara), and the 
products were revealed in a 1 % agarose gel stained GelRed
TM
 (Biotium). Positive 
clones were sequenced as above. Final sequences were compiled and analysed with 
eBiox software (v 1.5.1). 
  




Obtaining GH 5´ and 3´ ends by Rapid Amplification of cDNA ends (RACE)  
Using total RNA as template, the 5′ and 3′ ends of GH mRNA was amplified 
using 5′ and 3′ Rapid Amplification of cDNA Ends (FirstChoice® RLM-RACE kit, Life 
Technologies™). Specific forward primers were designed in the fragment previously 
cloned (see above) at two different positions (Table 12) and used in combination with 
the 3’RACE Outer or Inner primers supplied in the kit to amplify the 3′ ends. For 5′ 
RACE amplifications, specific reverse primers for each fragment were also designed 
(Table 12) and used in combination with the 5’RACE Outer or Inner primers supplied 
in the kit. Primers were designed to achieve an overlap of at least 150 bp between 
RACE clones and previously obtained partial cDNA. Cloning and sequencing of PCR 
products were performed as described above, and eBiox (v1.5.1) software was used for 
fragment assemblage and analysis. Homology analysis of putative protein sequence was 
run and compared with other teleost sequences using BLAST tools at the NCBI website 
(http://www.ncbi.nlm.nih.gov). 
Table 12. Degenerate and specific primers designed for molecular identification of partial cDNA GH and 
IGF-I sequences, and for semi-quantitative expression by QPCR. The size of each pair of amplified 
primers is presented. 









































Analysis of GH and IGF-I mRNA levels by qPCR 
In liver, total RNA was isolated using an Ultra-Turrax ® T8 (IKA®-Werke) 
from 20 mg of tissue using the NucleoSpin
®





pituitary total RNA was isolated from the complete gland using the NucleoSpin RNA 
XS kit (Macherey-Nagel). Only RNA samples with a RNA integrity number (RIN) 
higher than 8.0 were used for expression quantification.  
Total RNA (500 ng for liver and 100 ng for pituitary) was reverse-transcribed in 
a 20 µL reaction using the qScript™ cDNA synthesis kit (Quanta Bioscience). In short, 
each reaction was performed using qScript Reaction Mix (1x final concentration) and 
qScript Reverse Transcriptase (2.5x final concentration). The reverse transcription 
program consisted in 5 min at 22 °C, 30 min at 42 °C and 5 min at 85 °C. Optimization 
of qPCR conditions was made on primers annealing temperature (50 to 60 ºC), primers 
concentration (100 nM, 200 nM and 400 nM) and template concentration (five 1:10 step 
dilutions from 10 ng to 1 pg of input ARN). The resulting curves had amplification 
efficiencies and r
2
 of 1.02 and 0.996 for GH, and of 0.99 and 0.999 for IGF-I, 
respectively. The primer sequences used for qPCR were designed with Primer3 
software v. 0.4.0 (available in http://frodo.wi.mit.edu/) and were synthesized and HPLC 
purified by Invitrogen™ Life Technologies (Table 12). To confirm the correct 
amplification of GH and IGF-I, the obtained PCR amplicons were cloned and 
sequenced. qPCR was carried out with Fluorescent Quantitative Detection System 
(Eppendorf Mastercycler ep realplex 
2
 S). Each reaction mixture (10 μL) contained 0.5 
μL at 200 nM of each specific forward and reverse primers, and 5 μL of PerfeCTa 
SYBR
®
 Green FastMix™ (Quanta BioSciences). Reactions were conducted in semi-
skirted twin.tec real-time PCR plates 96 (Eppendorf) covered with adhesive Masterclear 
real-time PCR Film (Eppendorf). The PCR profile was as follows: 95 ºC, 10 min; [95 
ºC, 30 s; 60 ºC, 45 s] x 40 cycles; melting curve [60 ºC to 95 ºC, 20 min], 95 ºC, 15s. 
The melting curve was used to ensure that a single product was amplified and to check 
for the absence of primer-dimer artefacts. Results were normalized to β-actin (acc. no. 
AY836368), owing its low variability (less than 0.3 CT) under experimental conditions. 
Relative gene quantification was performed using the ∆∆CT method (Livak & 
Schmittgen, 2001). 
2.5. Evaluation of the activity of digestive enzymes  
Variations in the activity of pepsin, trypsin and amylase were used as indicators 
of possible changes in the nutritional status of the fish. Pepsin activity was determined 
by the method of Anson (1938): 20 µL of diluted enzyme sample into 1 mL of 0.5 % 




acid-denatured bovine haemoglobin that had been extensively dialyzed against 0.1 M 
HCl-glycine buffer (pH 2.0). After incubation at 37 ºC for 30 min, the reaction was 
terminated by adding 0.5 mL of 20 % trichloroacetic acid (TCA) and cooled at 4 ºC 
during 15 min. Then, centrifuged at 8,000 g for 10 min. The absorbance of the resulting 
supernatant containing proteolytic digested small peptides was measured 
spectrophotometrically at 280 nm).  
Trypsin activity was measured using 1.25 mM N-benzoyl-DL-arginine p-
nitroanilide (BApNA) in 200 mM Tris-HCl pH 8.5. Substrate stock solution (125 mM) 
was prepared in DMSO and brought to working concentration by diluting with buffer 
prior the assay. Ten microliters of enzyme extract were mixed with 200 µL of substrate 
and the liberation of p-nitroaniline was kinetically followed at 405 nm in a microplate 
reader ELx808 IU (BioTek). Assays were run in triplicate. The protein content of 
enzyme extracts was measured using BSA as standard. Trypsin activity was expressed 
as arbitrary units (Abs/min) per mL or per mg protein as needed. 
Amylase activity was determined according to the Somogy-Nelson method using 
soluble starch (2 % w:v) as substrate, as described in Robyt & Whelan (1968). Briefly, 
50 µL of enzyme extract and 125 µL of 100 mM phosphate-citrate pH 7.5 were incubate 
with 125 µL of starch for 30 min. Activity was measured by calculating the reducing 
sugars released at 600 nm. 
2.6. Statistical analysis 
Statistical differences related to feeding status and time were analysed by two-
way ANOVA between control and starved groups, and one-way ANOVA at day 21 
between all the groups. ANOVA analyses were followed by post-hoc comparison made 
with the Tukey’s test. Significance was taken at P<0.05. The information of all the 
metabolic variables was integrated using a cluster multivariate analysis, performed 
using group averages and standardized data. A hierarchical and agglomerative method 
was selected, and the number of clusters was not pre-established but randomly 
generated by the software. Values of all the metabolic parameters were considered as a 
single variable among data previously standardized in order to give the same relevance 
to all them in the analysis performed, independently of how different (in magnitude) 
were their values. Software packages GraphPad Prism
®
 (v.6.0b), Statistica 10.0 Soft, 





(P-value and F) obtained from one-way and two-way ANOVA analyses in the 
experiments are provided in Table 13. 
Table 13. Statistical parameters (P-value and F) obtained from two-way ANOVA analysis in fish 
maintained under different feeding situations (control and starving), and from one-way ANOVA analysis 
at the day 21 (control, starving and re-feeding). (A) Growth index, (B) plasma metabolites, (C) liver 
metabolites, and (D) digestive enzyme activities. In bold and italics, P-value showing 
significant differences in each case. 
A Time Fed condition Interaction 
Parameter P-value F P-value F P-value F 
Growth 0.925 0.155 0.010 5.232 0.420 0.888 
HSI 0.518 0.768 <0.001 21.391 0.634 0.459 
B Time Fed condition Interaction 
Parameter P-value F P-value F P-value F 
Glucose 0.713 0.457 0.047 3.156 0.008 5.060 
Lactate 0.115 2.030 0.052 3.056 0.865 0.144 
Triglycerides 0.339 1.137 <0.001 8.669 0.037 3.411 
Proteins 0.349 1.111 0.001 7.001 0.922 0.081 
C Time Fed condition Interaction 
Parameter P-value F P-value F P-value F 
Glucose <0.001 7.958 0.146 2.013 <0.001 10.356 
Glycogen 0.073 2.506 <0.001 30.599 0.743 0.298 
Triglycerides <0.001 7.523 0.033 3.714 <0.001 10.158 
D Time Fed condition Interaction 
Parameter P-value F P-value F P-value F 
Pepsin 0.279 1.361 0.449 0.833 0.756 0.098 
Trypsin 0.840 0.175 0.067 3.058 0.663 0.194 
Amylase 0.048 3.369 0.003 6.789 0.068 3.596 
3. RESULTS 
No mortality was observed during the experimental period. Zoometric indicators 
(weight and hepatosomatic index; HSI) were assessed (Table 14). Fish submitted to 
starvation showed a significantly (p < 0.05) lower weight (63.78 ± 4.39) and HSI (0.55 ± 
0.02) than the other groups while the re-fed group showed no significant differences 
when compared to the control. 
  




Table 14. Influence of starving/re-feeding processes on growth and hepatosomatic index (HSI) of 
juvenile C. labrosus specimens along the experimental period. HIS: hepatosomatic index. Values are 
represented as mean ± S.E.M. (n = 12 fish per group). Values not sharing a common superscript are 
significantly different with p < 0.05. Lowercase letters refer to comparison within a group, capital letters 
between groups. 






   
14 75.1 ± 2.0
a
 72.3 ± 3.5
a
  
21 83.1 ± 6.1
aA
 63.8 ± 4.4
aB




0 0.81 ± 0.06
a
   







21 0.79 ± 0.05
aA
 0.55 ± 0.02
aB
 0.83 ± 0.10
A
 
3.1. Metabolites and tissue composition 
Results showed a significant reduction of hepatic glycogen and triglycerides in 
the starved group, together with an increase of these latter in plasma (Table 15). Values 
of plasma glucose and proteins measured in the re-feeding group were significantly 
higher than those in the starved group, and similar to the values in the control group 
(Table 15). However, lactate values were significantly higher in re-feeding group but 
not similar to controls. Same results were obtained in hepatic glucose, glycogen and 





Table 15. Effect of starving/re-feeding processes on plasma and liver metabolites of juvenile C. labrosus 
specimens along experimental period. Values are represented as mean ± S.E.M. (n = 6 fish per group). 
Values not sharing a common superscript are significantly different with p < 0.05. Lowercase letters refer 
to comparison within a group, capital letters between groups. 
Parameters Day Control Starving Re-feeding 
PLASMA 
Glucose (mM) 
0 3.3 ± 0.1
a
   
14 3.0 ± 0.1
a
 3.4 ± 0.1
a
  
21 3.7 ± 0.1
aAB
 3.1 ± 0.1
aB




0 2.7 ± 0.2
a
   
14 3.5 ± 0.2
a
 3.1 ± 0.3
a
  
21 3.4 ± 0.3
aB
 3.6 ± 0.3
aB




0 1.2 ± 0.1
a
   
14 1.3 ± 0.0
a
 1.4 ± 0.1
ab
  
21 1.1 ± 0.0
aB
 2.0 ± 0.3
bA




0 34.9 ± 1.0
a
   
14 35.0 ± 1.6
a
 33.0 ± 1.0
a
  
21 35.2 ± 1.4
aAB
 33.8 ± 1.0
aB




Glucose (mg/U of tissue) 
0 2.3 ± 0.5
a
   
14 1.5 ± 0.3
a
 2.4 ± 0.4
a
  
21 2.4 ± 0.2
aA
 1.7 ± 0.3
aB
 2.6 ± 0.4
AB
 
Glycogen (mg/U of tissue) 
0 51.1 ± 11.2
a
   
14 46.2 ± 9.9
aA
 26.4 ± 7.8
aB
  
21 60.4 ± 4.1
aA
 20.8 ± 5.3
aB
 64.7 ± 11.9
AB
 
Triglycerides (mg/U of tissue) 
0 2.3 ± 0.4
a
   
14 2.0 ± 0.1
a
 2.5 ± 0.3
a
  
21 1.6 ± 0.2
a
 1.3 ± 0.2
b
 2.1 ± 0.4 
The effect of starving in plasma cortisol levels was significantly evidenced only 
after 21 days (Figure 27).  
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Figure 27. Effect of starving/re-feeding processes on plasma cortisol of juvenile C. labrosus specimens 
along experimental period. Values are represented as mean ± S.E.M. (n = 6 fish per group). Values not 
sharing a common superscript are significantly different with p < 0.05. Lowercase letters refer to 
comparison within a group, capital letter between groups. 
The effect of starving/re-feeding on the activities of hepatic enzymes period is 
detailed in Figures 28 and 29. No significant differences between experimental groups 
were observed for values of HK, PK, G6PDH, G3PDH, GDH, and GPT. On the other 
hand, activity of GPase was significantly lower and GOT significantly higher in starved 
fish when compared to the control group, while FBPase and LDH were significantly 



























Figure 28. Box-and-Whisker plot analysis of enzymes involved in the (A) glycolysis (HK and PK), (B) 
glycogenolysis (Total GPase), and (C) glyconeogenesis (FBPase and LDH) after experimental period 
(U/mg protein). HK: hexokinase; PK: pyruvate kinase; T GPase: total glycogen phosphorylase; FBPase: 
fructose-2,6-biphosphatase; LDH: lactate dehydrogenase. Values are represented as mean ± S.E.M. (n = 6 
fish per group). Values not sharing a common superscript are significantly different with p < 0.05. 
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Figure 29. Box-and-Whisker plot analysis of enzymes involved in the (A) glycerol route (G3PDH), (B) 
phosphate pentose pathway (G6PDH), and (C) amino acids metabolism (GDH, GPT and GOT) after 
experimental period (U/mg protein). G3PDH: glycerol-3-phosphate dehydrogenase; G6PDH: glucose-6-
phosphate dehydrogenase; GDH: glutamate dehydrogenase; GPT: glutamic pyruvate transaminase; GOT: 
glutamic oxaloacetic transaminase. Values are represented as mean ± S.E.M. (n = 6 fish per group). 


































The multivariate cluster´s analysis, performed considering all the enzymes as 
variables, showed the clear influence of feeding on hepatic parameters after 21 days of 










Figure 30. Cluster analysis considering all previous variables. Values are represented as mean ± S.E.M. 
(n = 6 fish per group). C0 and C21; control; RF: re-feeding after 21 days; and ST: starving after 21 days. 
3.2. Description of GH and IGF-I sequences and mRNA expression in C. labrosus 
Thick-lipped grey mullet full-length GH and IGF-I cDNA sequences consisted 
of 819 bp and 2,858 bp respectively (GenBank accession numbers KC195966, Figure 
31; and KC195967, Figure 32, respectively). 




Figure 31. Nucleotide and deduced amino acid (in italic) sequences from Chelon labrosus GH cDNA. 
The signal peptide (61 aa) is underlined. The start and stop codons are represented in italics and bold. The 






Figure 32. Nucleotide and deduced amino acid (in italic) sequences from Chelon labrosus IGF-I cDNA. 
The signal peptide (37 aa) is underlined, the mature region (68 aa) consisting of B, C, A, and D domains 
are indicated, and the six cysteine residues of mature peptide are boxed. The E domain in composed of 74 
aa. The start and stop codons are represented in italics and bold. GenBank accession number KC195967. 




GH nucleotide sequence comprises an open reading frame (ORF) of 597 bp 
encoding a 198 amino acid (aa) protein, with a signal peptide of 61 aa and mature 
protein of 137 aa residues. IGF-I presented an ORF of 558 bp encoding a 186 aa. This is 
composed of 37 aa for the signal peptide, 68 aa for mature peptide comprising B, C, A, 
and D domains, and 74 aa for E domain. Both sequences were preceded and followed 
by 5´and 3´untranslated regions of 75 bp and 135 bp, respectively, for the GH, and 134 
bp and 689 bp, respectively, for IGF-I. 
mRNA expression of GH in control group were kept constant along the trial, and 
lower than the rest of treatments. Expression measured in starved group were 
significantly higher at 14 days, but it equalized to the control at 21 days (Figure 32). No 
significant effects of dietary treatment on IGF-I were found (Figure 32). 
3.3. Digestive enzymatic activities 
Starving and re-feeding did not affect activity of digestive enzymes except for 
trypsin (Table 16). A significant reduction of the values with time was observed in the 
starved group. 
Table 16. Effect of starving/re-feeding processes on digestive enzymatic activities of juvenile C. labrosus 
specimens along experimental period. Values are represented as mean ± S.E.M. (n = 6 fish per group). 
Values not sharing a common superscript are significantly different with p < 0.05. Lowercase letters refer 
to comparison within a group, capital letters between groups. 
Parameters Day Control Starving Re-feeding 
Pepsin 
 (U/g tissue) 
0 65.4 ± 8.1
a
   
14 74.3 ± 8.1
a
 48.21 ± 11.52
a
  
21 60.3 ± 5.7
a
 47.90 ± 8.99
a
 39.99 ± 5.26 
Trypsin       
(U/g tissue) 
0 1.4 ± 0.2
a
   
14 1.2 ± 0.1
a
 0.8 ± 0.2
a
  
21 1.4 ± 0.3
a
 0.8 ± 0.1
a
 1.2 ± 0.1 
Amylase 
(U/g tissue) 
0 0.23 ± 0.02
a
   
14 0.32 ± 0.03
a
 0.30 ± 0.03
a
  
21 0.32 ± 0.08
a
 0.15 ± 0.03
a








4.1. Growth  
Results presented in Table 14 show a clear effect of a short-term starvation in 
the growth of C. labrosus, as well as the positive effect of re-feeding on this parameter, 
this latter reflecting a sort of compensatory growth response. Compensatory growth is 
the phase of rapid growth, greater than normal or control growth, which occurs upon 
adequate re-feeding following a period of malnutrition. In contrast with other marine 
teleost such as Salmo salar or O. mossambicus (Fox et al., 2010; Imsland et al., 2011) in 
the present study full compensation was not observed in fish undergoing starvation and 
re-feeding (Table 14). These results are in agreement with those obtained in Gadus 
morhua by Jobling et al. (1994), on which the weight was not compensated after three 
weeks of re-feeding. This may indicate that the end-point of the present experiment 
occurred during a phase when the fish were at the beginning of a compensatory growth 
state. In fact, it has been suggested that the total recovery of growth rates should require 
a much longer period (Hayward & Wang, 2001). The liver plays a key role in this 
compensatory response, as reported in other species like Pagrus pagrus and Sparus 
aurata, where the rapid recovery of hepatic reserves due to re-feeding process indicated 
the importance of the liver during periods of food deprivation (Tufan et al., 2008; Laiz-
Carrión et al. 2012). Results obtained with the values of HSI agreed with the described 
general trend.   
4.2. Energy metabolism 
In fish, as in other organisms, food restriction reduces energy storage, 
redirecting it towards the maintenance of the metabolic homeostasis. These problems 
are reflected in a wide variety of physiological responses like a reduction in growth rate, 
changes in the weight of different organs and adipose tissue, as well as in increased 
mobilization of metabolites/nutrients (Navarro & Gutiérrez, 1995). 
Whereas during starvation, plasma glucose levels are maintained from the 
beginning in few species, like in Sparus aurata or Solea senegalensis (Polakof et al., 
2006; Costas et al., 2011), in some other teleost species, like Dicentrarchus labrax or 
Oncorhynchus mykiss, plasma glucose decreased in food-deprived fish (Kelli et al., 
2011). In this study, plasma glucose decreased in starved fish, recovering its values in 




the re-feeding group afterwards, which suggest a liver glycogen mobilization. Thus, 
changes of glucose values in re-feeding fish may be due to: i) a reduction in the rate of 
glucose utilization; ii) an increase of glyconeogenic and glycogenolitic potential; and 
iii) the enhancement in liver glucose exporting (Costas et al., 2011). During starving 
phase, liver glycogen levels were lower than those in fed fish, suggesting that C. 
labrosus specimens mobilized liver glycogen depots. De Pedro et al. (2003) reported 
that the concomitant decrease in both plasma glucose and liver glycogen observed after 
starving indicated that the active glycogenolysis produced to counteract fasting was not 
enough to maintain the glycaemia. This strategy for supplying energy during short 
starvation periods is in line with other species that also use liver glycogen for the 
keeping of metabolic functions (Figueroa et al., 2000). Pérez-Jiménez et al. (2007) 
suggested that the large reduction in liver glycogen induced by starvation was a readily 
available energy reserve for D. labrax. Results obtained in the present work, with a 
significantly reduced amount of glycogen in the liver of starved fish, also support this 
idea. 
In homoeothermic species, plasma cortisol levels are consistently reported to be 
elevated in response to starving or malnutrition (Chang et al., 2002). In the present 
work, the increase in cortisol were observed at day 21 of starving, suggesting that fish 
were responding to a stressful situation by the general adaptation syndrome, which has 
different stages according to the length of the stressor (Mommsen et al. 1999; Barton 
2002; Marrero-Hernández, 2008). It seems that during the last week, fish reached the 
resistance phase, where the stress situation is continuous, then being adapted to the new 
condition increasing the release of cortisol. This high plasma cortisol levels is related to 
the redistribution of energy during a stress response. Similar results were found in S. 
senegalensis suggesting that cortisol may play a functional role in the energetic turnover 
(Polakof et al., 2006; Costas et al., 2011; Wunderink et al., 2012; Martos-Sitcha et al., 
2014). 
HK and PK activities were maintained during 21 days of food deprivation. This 
fact suggests that liver would be a simple producer of glucose but not a consumer of it. 
However, in other species S. aurata, Acipenser naccarii or O. mykiss PK and HK 
showed lower activities values after 10 days without food supply (Polakof et al., 2006; 





Starved fish showed a significant decrease in the activity of total GPase. 
However, and according to hepatic glycogen reduction observed after 21 days of food 
restriction that indicated an enhancement of glycogen utilization, a stimulation of this 
activity could be expected. In this way, it will be necessary to know the glycogen 
synthase activity in order to get a complex picture on dynamic of glycogen synthesis 
and degradation (as well as hepatic storage). Nevertheless, re-fed fish showed a 
significant increase in the activity of total GPase, it might due to the use of other energy 
sources than glycogen. Collins and Anderson (1995) postulated that hepatic GPase 
activation in fed fish is indicative of not only regeneration of glycogen reserves within 
this tissue, but also of the regeneration of the animal´s carbohydrate metabolism in 
general. 
On the other hand, the high levels of hepatic FBPase measured in the control 
group should reflect a normal pattern of synthesis of hepatic glucose, while in contrast 
the significantly low levels measured in the starved fish should be linked to a 
consumption of the hepatic reserves. It appears that the reduced rate of gluconeogenesis 
in the liver of starved C. labrosus is sufficient to meet the liver depressed metabolic 
demands (Collins & Anderson, 1997). LDH activity showed significantly lower values 
in starved fish when compared to those in the control group, this possibly reflecting a 
decrease in the anaerobic pathways linked to the general decrease of metabolism with 
the absence of food. 
In the present work, hepatic G6PDH, G3PDH, GDH, GPT activities revealed 
that protein and lipid metabolism in juvenile C. labrosus is not altered by starving. 
However, on day 21 there was an increase in GOT levels in unfed fish, suggesting that 
proteins were degraded to amino acids and were used for energy production. This is 
further supported by the GPT and GDH activities, which remained almost unchanged 
during food restriction.  
4.3. GH/IGF-I system 
GH full-length cDNA from C. labrosus was obtained by PCR combining 5’- and 
3’-Rapid Amplification cDNA Ends (RACE) due to the low representativeness of this 
hypophyseal hormone in the whole brain. This sequence consisted in 807 bp excluding 
the poly-A tail. The open reading frame (ORF) codes for a prehormone of 198 aa. 
Conserved cysteine residues that are present in all GH peptides are also conserved in the 




thick-lipped grey mullet GH protein (amino acid residues 69, 171, 188, 196). The 
identity of C. labrosus GH is much closer to GHs of other perciform fishes (91-100 %), 
like Epinephilus coiodes.  
181 amino acids spanning IGF-I translation product was identified from liver of 
C. labrosus. As is typical for the IGFs, it contains a signal peptide and B, C, A, D and E 
domains, and shows 6 cysteine residues (amino acids 49, 62, 89, 90, 94, 103) 
responsible for the maintenance of tertiary structure. At protein level, thick-lipped grey 
mullet IGF-I showed 81-100 % identity to other teleosts, like E. coiodes and O. 
mossambicus.  
Fish are frequently exposed to extended periods of starvation. Thus, it can be 
assumed that food intake and endocrine function are strongly related. The effects of 
starving on the GH/IGF-I axis in fish have been recently reviewed (Reindl & Sheridan, 
2012). These studies suggest that nutritional status plays an important role in the 
regulation of physiological function of GH/IGF system.  Results obtained in this study 
showed that nutritional regulation of pituitary GH mRNA and hepatic IGF-I mRNA 
levels could be similar to other fish species. As shown previously in several fish, the 
typical response to starving is an increase in pituitary GH mRNA and a decrease in 
hepatic IGF-I mRNA. These data suggest that nutritional status can regulate circulating 
IGF-I levels, in part by modulating transcriptional activity of IGF-I gene, although other 
regulatory mechanism have not been ruled out at this time (Wood et al., 2005). In O. 
masou, the response of hepatic IGF-I mRNA was consistent to changes in nutritional 
status. Several previous reports have indicated that hepatic IGF-I mRNA expression 
were decreased by feed restriction and recovered by re-feeding, like in O. mossambicus 
(Fox et al., 2010) and in the I. punctatus (Peterson & Waldbieser, 2009). However, in 
this study no significant differences in hepatic IGF-I mRNA expression were observed 
before and after re-feeding processes suggesting that more time is necessary to see any 
influence of both processes on hepatic IGF-I expression in this specie. On the other 
hand, Duan and Hirano (1992) evidenced that hepatic IGF-I mRNA expression became 
lower relative to fed controls after 2 weeks in Anguilla japonica. According to Pierce et 
al. (2005), the increase of GH that accompanies starving usually occurs after 2 weeks, 
indicating that it takes a long time for the effect to be manifested. Similarly, in C. 





Starving resulted in no significant decreased hepatic IGF-I mRNA level whereas 
a significant increase in pituitary GH mRNA levels can be observed. Furthermore, this 
study demonstrated that nutritional regulation of pituitary GH mRNA and hepatic IGF-I 
mRNA levels were altered by starving but not by re-feeding processes, or at least more 
re-feeding time is required. This fact is similar to several other fish species.  
4.4. Digestive enzyme activities 
Starving and re-feeding are processes that affect enzyme activities, mass and 
protein content of the intestine, with a pattern of a rapid decrease the first two days of 
starvation and a rapid increase when feed was made available in carnivorous species 
like the S. salar (Krogdahl & Bakke-McKellep, 2005). In contrast, results obtained in 
the present work showed no clear effect of starvation or re-feeding on the activity of the 
selected enzymes (Table 16), this suggesting that the feeding habits (carnivorous vs 
herbivorous) may have an influence on this response. C. labrosus is considered an 
omnivorous species, and in other omnivorous, like Rutilus rutilus caspicus, trypsin 
activity did not change significantly during starvation and re-feeding periods (Abolfathi 
et al., 2012). These authors propose that since none of the protease measurements gave 
a significant reduction in activity by increasing the starving period, assuming that 
maintenance of digestive protein capacity is still present in an advanced state of 
starvation; this would enable these fish to digest the main nutrients. Furthermore, 
amylase activity did not change in any experimental group. As in other omnivorous 
species, like R. rutilus caspicus and A. naccarii, the performance of amylase consists in 
a decrease of the activity during the starvation period and maintaining it during re-
feeding (Abolfathi et al., 2012). This confirms the greater digestive capacity for 
carbohydrates cataloguing it closer to the habits of an omnivorous fish (Hidalgo et al., 
1999). 
  





1. Juvenile C. labrosus adapts to changes in feeding conditions without altering its 
physiology overly. 
2. Results demonstrate that liver metabolism is significantly influenced by these 
changes in food availability and that energy metabolism is cortisol-dependent in 
starved fish.  
3. mRNA expression of GH and IGF-I and activity of digestive enzyme did not 
evidence clear modifications this suggesting thus they may be not sensitive 
indicators of feeding status in this species.  
4. Results of the present study could be of great interest for fish farming when 
under certain circumstances fish could undergo starvation periods. 
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El objetivo principal de la presente Tesis Doctoral ha sido el de incrementar el 
conocimiento sobre los efectos que algunas características del cultivo de la liseta Chelon 
labrosus en su medio natural (variaciones estacionales en salinidad o disponibilidad de 
alimento propias de un estero) pueden tener sobre el metabolismo general de esta 
especie. Con esto se ha pretendido poner de manifiesto en qué medida diferentes rasgos 
metabólicos de la liseta, sustentarían la idea de que es una especie altamente adaptable a 
un amplio rango de condiciones ambientales y, por tanto, potencialmente interesante 
para su cultivo en sistemas extensivos o semiextensivos. Esta adaptabilidad 
comprendería tanto la capacidad de vivir en aguas de muy diferente salinidad como de 
sobrellevar ayunos de cierta duración. 
Por otra parte, se ha profundizado en el conocimiento de su bioquímica digestiva 
con objeto de determinar los rasgos principales de la misma y su relación con los 
sustratos preferentes que están presentes en su alimentación. Todo ello con vistas a 
orientar tanto la composición como el tipo de ingredientes a utilizar en el diseño de 
piensos específicos para esta especie como las posibles pautas de alimentación.  
1. GENERALIDADES DE LA BIOQUÍMICA DIGESTIVA  
La digestión proteica ocurre de manera secuencial en la luz del tubo digestivo, 
donde las proteínas son hidrolizadas a polipéptidos por proteasas, y los polipéptidos a 
aminoácidos libres por peptidasas. Las proteasas y el ácido son responsables de la rotura 
de la estructura primaria a cuaternaria de las proteínas, mientras que las peptidasas 
degradan la estructura primaria y secundaria (Rust, 2002). 
En todas las especies de peces la bioquímica digestiva muestra cambios notables 
con el desarrollo caracterizados principalmente por un incremento en la producción total 
de enzimas digestivas. La pepsina es la enzima proteolítica más importante en el 
estómago de peces, es secretada por las células gástricas en forma de pepsinógeno. Para 
su activación se requiere un medio ácido, aunque el pH óptimo varía con la especie. 
Además, es una endopeptidasa inespecífica que ataca a la mayoría de las proteínas 
(Bakke y cols., 2010). En peces con ausencia de estómago, la digestión proteica se lleva 
a cabo en el intestino proximal a pH neutro-básico. El aumento de la longitud intestinal 
suple la deficiencia de estómago. Por tanto, es un signo claro de desarrollo en las 
especies con estómago la paulatina adquisición de la capacidad de acidificación y el 
incremento de la actividad pepsina. En este sentido, Alarcón y cols. (1998) demostraron 





la proteólisis ácida no se produce hasta que la secreción de ácido es suficiente para 
disminuir el pH del estómago, lo que permite la completa digestión de las proteínas en 
especies carnívoras como la dorada o el dentón.  
No resulta tan frecuente, en cambio, que enzimas detectadas al inicio del 
desarrollo pierdan funcionalidad conforme avanza este, salvo en el caso de la amilasa en 
peces carnívoros. Las carbohidrasas tienen un interés especial en los peces ya que no 
todos digieren los carbohidratos con la misma eficiencia. De este modo, los carnívoros 
digieren algunos carbohidratos, sobre todo el almidón, con menos eficiencia que 
omnívoros o herbívoros (Chakrabarti y cols., 1995; Fernández y cols., 2001; Drewe y 
cols., 2004). La mayoría de los autores sugieren que los carnívoros sólo secretan una 
limitada cantidad de amilasa y, por tanto, su actividad está restringida a digerir 
pequeñas concentraciones de almidón. Sin embargo, Chan y cols. (2004) en una 
comparación entre especies herbívoras y carnívoras no apoyan del todo esta hipótesis, 
ya que encontraron mayor actividad amilasa en carnívoros. Los autores relacionan estos 
resultados con el tiempo total de retención intestinal de la especie herbívora estudiada, 
pues un tiempo de producción largo puede disminuir la necesidad de elevadas 
actividades enzimáticas. 
Nuestros resultados han puesto de manifiesto una reducción significativa de la 
actividad pepsina en la liseta conforme los peces aumentaban de tamaño, vinculada a la 
pérdida de importancia funcional de estómago. A diferencia de lo que ocurre con la 
mayoría que se cultivan comercialmente en el ámbito marino mediteráneo (lubina, 
diferentes tipos de espáridos, corvina, lenguado) las cuales presentan un hábito 
carnívoro predominante que es potenciado a lo largo del desarrollo, la liseta es una 
especie que en estado salvaje muestra un cambio muy notable en la tipologia y 
composición del alimento con la edad, pasando de una alimentación carnívora a una 
predominantemente herbívora o micrófaga (Albertini-Berhaut, 1973; Castel, 1985; Tosi 
&Torricelli, 1988). Como se ha podido mostrar en el presente trabajo, este perfil parece 
estar condicionado genéticamente, independientemente de la alimentación de los peces 
objeto de estudios, estando caracterizado por el incremento relativo de las proteasas 
alcalinas como posible mecanismo de compensación, tal y como se ha descrito en otros 
peces herbívoros como la carpa o la tilapia (Uscanga-Martínez y cols., 2011; 
Hernández-Sámano y cols., 2017). 
El páncreas es el principal órgano secretor de proteasas, aunque a diferencia de 





estar difuso entre el tejido hepático y de intestino proximal (Krogdahl y Sundby, 1999). 
Otras fuentes importantes de actividad proteolítica son el intestino y los ciegos pilóricos 
(Kurokawa y Suzuki, 1995; Morrison y cols., 2004). En peces sin estómago definido, 
como es el caso de la liseta, el intestino juega un papel importante en la digestión y 
absorción de los nutrientes, existiendo una correlación entre la función digestiva y el 
desarrollo intestinal (Bakke y cols. 2010). Algunos autores coinciden en que la 
actividad proteolítica de la mezcla de enzimas pancreáticas con las intestinales es mayor 
que la de cada una por separado (Bakke y cols., 2010). Este hecho puede ser debido a 
que la mucosa epitelial del intestino secreta enteroquinasa que activa los zimógenos 
secretados por el páncreas a la cavidad intestinal. Las proteasas pancreáticas son 
vertidas a la cavidad intestinal durante los periodos digestivos, sin embargo, se puede 
encontrar actividad aminopeptidasa y dipeptidasa en periodos de alimentación y de 
ayuno. Estas enzimas complementan a las enzimas pancreáticas en la hidrólisis de las 
proteínas, jugando un papel importante en la fase final de la digestión proteica. 
La muy baja actividad de lipasa tampoco es un rasgo frecuente y en general las 
especies de carnívoros que se explotan comercialmente muestran una actividad 
significativa de esta enzima que les permite utilizar nutritivamente proporciones 
elevadas de lípidos que osicilan entre el 15 y el 30 % de la ración (Abdo de la Parra y 
cols., 2010). En la liseta, por el contrario, el perfil enzimático encontrado se caracteriza 
por una baja actividad lipasa y elevada de amilasa. Esto apuntaría a que en el medio 
natural el alimento preferente de la especie muestra un bajo contenido en lípidos y 
podría estar relacionado con un uso significativo o incluso preferente de los 
carbohidratos como fuente de energía, algo que tampoco es frecuente en la mayor parte 
de las especies cultivadas. Esta hipótesis se refuerza por el hecho de que los peces 
utilizados en el estudio no eran salvajes, sino que procedían de criadero y habían sido 
alimentados con pienso comercial con un contenido significativo en lípidos del 20 %, 
que sin embargo no promovió una adaptación subsecuente del perfil enzimático 
digestivo. Tengjaroenkul y cols., 2000, en el estudio de la distribución de enzimas 
digestivas a lo largo del tracto intestinal en tilapia, observaron una baja actividad lipasa 
en los primeros tres segmentos del intestino, sugiriendo que la distribución restringida 
de esta enzima a lo largo del tracto intestinal está relacionada con el bajo contenido en 
grasa de los materiales vegetales de los que se alimenta la tilapia. En este sentido, Gao y 





rica en carbohidratos y baja en lípidos, se puede atribuir a una deficiencia de ácidos 
grasos esenciales en la dieta. 
La información obtenida en el presente estudio es sólo una primera 
aproximación al conocimiento del perfil enzimático de la especie, pero quedarían 
aspectos importantes por considerar desde una perspectiva aplicada y dependiendo de la 
tipología de los cultivos en las que desarrollar su producción. Si se pretende potenciar el 
uso de alimentos artificiales en un contexto de producción intensiva, resulta evidente 
que es posible desarrollar fórmulas con alto contenido en carbohidratos, pero sería 
preciso comprobar en qué medida la modificación de la proporción de macronutrientes 
en los piensos desde una edad temprana, p. ej. aumentando la cantidad de lípidos, podría 
inducir la adaptabilidad de las enzimas e incrementar la producción de lipasa necesaria 
para su digestión. Esta programacion genética ya ha sido investigada en especies 
carnívoras con objeto de incrementar la capacidad de utilizar carbohidratos (German y 
cols., 2004). En este sentido, Furné y cols., 2005, en una comparativa del contenido 
enzimático en el tracto digestivo en el esturión y la trucha arcoris, concluyeron que el 
esturión digiere la grasa y la proteína como cualquier otro carnívoro, pero asimila los 
carbohidratos como si fuera omnívoro. Del mismo modo, trabajos en especies 
carnívoras mostraron resultados similares al alimentar ejemplares de brótola con dietas 
fabricadas con distintos porcentajes de lípidos crudos, obteniendo un mayor crecimiento 
en el grupo alimentado con los niveles más bajos de lípidos (Bolasina y Fenucci, 2007).  
El incremento de la cantidad de lípidos en el alimento tendría sentido si parte de 
la producción de C labrosus, como ocurre con otros mugílidos, se destinase a la 
obtención de huevas, producto de elevado valor comercial para cuya biosíntesis se 
precisa una gran cantidad del mencionado nutriente (Crosetti, 2016). 
2. EFECTO DE LA SALINIDAD AMBIENTAL SOBRE EL SISTEMA 
DIGESTIVO 
Profundizando en los aspectos que vinculan la bioquímica digestiva con los 
aspectos ambientales, se ha demostrado que existe un rango óptimo de salinidad dentro 
del cual las principales enzimas muestran su máxima funcionalidad. Se ha utilizado una 
triple aproximación, evaluando en peces sometidos a diferentes salinidades (0, 12, 40 y 
55 ppt), por una parte, la expresión de los genes que codifican pepsinógeno, quimo- y 
tripsinógeno y amilasa, así como la actividad bioquímica de las correspondientes 





realizan la hidrólisis de proteína en un entorno de salinidad variable simulado mediante 
ensayos de digestibilidad in vitro.  
Se ha comprobado que la mayor expresión de los genes estudiados, con 
excepción del pepsinogeno, tenía lugar en peces mantenidos a salinidad normal (40 ppt) 
no encontrándose diferencias en los valores entre el resto de salinidades. Los resultados 
de actividad sólo coincidieron parcialmente con los de expresión; la actividad de 
proteasas alcalinas efectivamente se confirmó mayor a 40 ppt pero no ocurrió igual en la 
de proteasas ácidas, en las que la muy baja expresión encontrada a salinidades distintas 
a 12 ppt no se correspondía con la elevada actividad medida en todas las salinidades. En 
este sentido, nuestros resultados muestran una discordiancia entre la expresión génica y 
la actividad enzimática real, no siguiendo un patrón similar (Sánchez-Paz y cols., 2003; 
Wang y cols., 2006). Resulta evidente la existencia de mecanismos de regulación 
postranscripcional o un desfase temporal entre los momentos de máxima expresión 
génica y los de máxima concentración tisular de producto. Numerosos estudios 
realizados en larvas indican un retraso en el tiempo de traducción, siendo la expresión 
de RNAm más alta unos días antes que la actividad enzimática (Walford y Lam, 1993; 
Srichanun y cols., 2013), concluyendo que la ontogenia del sistema digestivo es un 
proceso programado genéticamente (Álvarez-González y cols., 2008; Lazo y cols., 
2011). En cambio, autores como Mata-Sotres y cols. (2016) postulan que la traducción 
de la expresión génica a la actividad real de las enzimas digestivas está regulada, en 
gran medida, por la presencia de sustratos alimenticios dentro del intestino, impidiendo 
una producción continua de enzima al ser un proceso energéticamente costoso. Por 
tanto, en algunos casos, el nivel de expresión no está correlacionado con la actividad 
bioquímica de la enzima, existiendo otros mecanismos que modulan la transcripción en 
proteína activa (Gisbert y cols., 2013: Yúfera y cols. 2018 Por otro lado, Montoya y 
cols. (2010) sugieren la existencia de un ritmo diario en los peces alimentados 
periódicamente, produciéndose la sincronización de la secreción pancreática con la hora 
de la comida. Lo cual podría explicar, la elevada actividad de las proteasas alcalinas y la 
amilasa y la expresión de sus respectivos genes a 40 ppt. 
Por otra parte, los ensayos de hidrólisis proteica in vitro pusieron de manifiesto 
que una elevada concentración de sales en el medio afectaba negativamente a la 
funcionalidad de las proteasas, bien modificando la solubilidad del sustrato proteico y 
por tanto la bioaccesibilidad de las enzimas frente al mismo, o bien modificando la 





de hidrólisis proteica in vitro son utilizadas para el estudio sobre la capacidad digestiva 
de los organismos, con el fin de poder formular alimentos de alta digestión y 
asimilación, optimizando el crecimiento y los costes en alimentación (Tacon, 1993). 
Además, son métodos rápidos y menos caros que los in vivo, proporcionando 
información sobre la digestibilidad del organismo empleando pequeñas cantidades de 
materia prima (Grabner, 1985; Ezquerra-Bauer, 1997; Morales y Moyano, 2010). A 
pesar de ello, esta técnica tiene limitaciones, ya que los valores obtenidos en la 
hidrólisis pueden no reflejar el comportamiento fisiológico-digestivo real de los 
organismos, donde juegan un papel importante otros factores que no se tienen en cuenta 
en la evaluación in vitro, como son los propios tejidos del sistema digestivo, las 
hormonas digestivas, el pH exacto de la digestión, la actividad microbiana del tracto 
intestinal, estado fisiológico, la edad del organismo, factores medioambientales o la 
absorción de nutrientes (Anderson y cols., 1993; Frías-Quintana y cols. 2010). De este 
modo, Álvarez-González (2003), sugiere un estudio conjunto de técnicas in vivo e in 
vitro para obtener resultados más contundentes en relación al aprovechamiento del 
alimento. Por otro lado, Márquez y cols. (2015), apuntan que los ensayos in vitro son 
más útiles para la evaluación de parámetros como la bioaccesibilidad o la 
biodisponibilada de nutrientes, definiéndose la bioaccesibilidad como “la fracción de un 
nutriente liberado de la matriz alimentaria que está disponible para una mayor hidrólisis 
y absorción” (Hedrén y cols. 2002); y la biodisponibilidad como “la eficiencia de la 
absorción intestinal y el uso metabólico de un nutriente ingerido” (Gregory y cols. 
2005). De este modo, la evaluación de la digestibilidad in vivo sería posterior a la 
absorción y se podría utilizar para estimar la biodisponibilidad, mientras que la 
evaluación de la digestibilidad in vitro proporcionaría una estimación de este parámetro 
previa a la absorción (Moyano y cols. 2014). En este sentido, Hamdan y cols. (2009), 
optimizó un modelo gastrointestinal en peces que desarrolla la hidrólisis en dos etapas: 
digestión ácida utilizando un reactor cerrado y digestión alcalina con un reactor de 
membrana semipermeable. Mediante este sistema, la eliminación continua de productos 
de la digestión durante la hidrólisis se asemeja más al mecanismo in vivo, representando 
un modelo más práctico y realista. A pesar de ello, esta situación puede que no se 
produzca en el pez vivo ya que el esófago realiza un proceso de absorción de sales muy 
significativo que impide que estas ingresen en tramos posteriores del digestivo. 






En cuanto a su capacidad para adaptarse metabólicamente a entornos con 
salinidad variable, se ha puesto de manifiesto que la liseta es capaz de osmorregular y 
crecer en entornos de salinidad variable que van desde el agua dulce a hipersalina 
(Lasserre & Gallis, 1975; Marrero, 2008). aunque tanto los indicadores de estrés 
(niveles de cortisol y glucosa en sangre) como del metabolismo (IGF-I, GH, etc) 
indicaban que la adaptación a aguas de baja o elevada salinidad implican un coste 
metabólico. 
Esta adaptación de los peces teleósteos eurihalinos a los cambios en la salinidad 
ambiental requiere una reorganización metabólica que satisfaga la demanda energética 
asociada a la exposición a la nueva salinidad ambiental, siendo el estrés y las 
alteraciones en órganos osmorreguladores algunas de las respuestas metabólicas a este 
proceso. En este sentido, Kammerer y cols. (2010) demostraron que en las primeras 24 
horas de exposición a distintas salinidades, el estrés provoca cambios rápidos en la 
osmolalidad del plasma, el cortisol y la respiración en la tilapia, lo que se traduce en un 
aumento del costo energético del organismo. En teleósteos eurihalinos las respuestas 
osmorreguladoras durante la aclimatación a ambientes de diferente salinidad se 
diferencian en dos etapas: i) la primera consiste en un periodo de adaptación con 
cambios en los parámetros osmóticos, y ii) la segunda es un periodo regulatorio crónico 
en el que los parámetros alcanzan la homeostasis, y el organismo se adapta 
pefectamente al nuevo medio (Soengas y cols., 2007). Por tanto, un factor a tener en 
cuenta es la duración de la aclimatación. Algunas especies, como el lenguado o el 
bacalao Atlántico, tienen un crecimiento óptimo cuando la exposición a bajas 
salinidades es corta, mientras que en periodos de tiempo prolongados se producen 
efectos negativos en su metabolismo (Arjona y cols., 2009; Herrera y cols., 2009; 
Árnason y cols., 2013). En el caso de los mugílidos, en los ambientes eurihalinos los 
cambios de salinidad no son abruptos, si no que se producen poco a poco debido a la 
estratificación del agua, por lo que la aclimatación es más lenta y se pueden adaptar de 
una forma más efectiva al medio (Lasserre y Gallis, 1975; Ciccoti y cols., 1994). 
Nuestros resultados muestran, como tras 21 días de aclimatación a las distintas 
salinidades, los juveniles de liseta se encuentran en el periodo crónico de regulación, ya 
que los parámetros osmorreguladores no mostraron diferencias significativas. Se hace 
evidente la necesidad de realizar estudios de larga duración donde se analicen los 
efectos de aclimataciones cronicas a ambientes de diferente salinidad sobre el 





Desde un punto de vista energético, para hacer frente a las distintas condiciones 
osmóticas, los requerimientos energéticos son cubiertos por la glucosa y el lactato 
principalmente (Arjona y cols., 2005). De este modo, una mayor tasa metabólica debida 
a una mayor demanda de energía asociada a la regulación iónica y osmótica a bajas 
salinidades podría implicar cambios en la ingesta, digestión y absorción de alimento 
(Rubio y cols., 2005). Siguiendo esta línea, Abou-Anin y cols. (2016), concluyeron que 
los ejemplares de pámpano mantenidos a bajas salinidades mostraron un mayor 
crecimiento, obteniendo un aumento del metabolismo aeróbico y energético como 
respuesta, lo que podría llevar a una reducción en la cantidad de energía disponible para 
otros procesos fisiológicos. Otros autores, como Arjona y cols. (2009) afirman que el 
crecimiento óptimo de una especie se da a salinidades iso-osmóticas y, no siempre, se 
correlaciona con una tasa metabólica estándar más baja. Por lo tanto, este efecto se 
puede considerar especie-dependiente (Boeuf y Payan, 2001; Laíz-Carrión y cols., 
2005).  
4. COMPORTAMIENTO METABÓLICO BAJO DISTINTOS REGÍMENES 
ALIMENTICIOS 
Por último, se ha evaluado la capacidad de los individuos de esta especie para 
sobrellevar un ayuno de duración media (3 semanas). Este planteamiento únicamente 
tiene sentido desde la perspectiva inicialmente comentada de desarrollar el cultivo de la 
especie bajo un régimen semiextensivo; en tales condiciones la disponibilidad de 
alimento natural puede sufrir fluctuaciones significativas que conlleven un escaso aporte 
nutritivo temporal. Este tipo de estudios de respuesta metabólica y capacidad 
compensatoria sobre ayunos de diferente duración se ha llevado a cabo en distintas 
especies y muestra un rango variable de capacidades de adaptación. En especies como el 
salmón Atlántico, que experimentan periodos prolongados de inanición, el crecimiento 
compensatorio puede ser la clave para su recuperación después de un crecimiento 
negativo durante el desove. Belanger y cols. (2002) y Nikki y cols. (2004) observaron, 
en el salmón Atlántico y en la trucha arcoiris, que la capacidad para mantener la 
hiperfagia durante la realimentación está relacionada con una hipertrofia del estómago 
y, como consecuencia, con un aumento de la capacidad del tracto digestivo. Estos 
autores sugieren que se debe alcanzar un umbral durante el periodo de ayuno para 
inducir el crecimiento compensatorio cuando se reintroduce la alimentación y que esta 





lado, Mueller y Diamond (2001) afirman que cuando el alimento es limitado, el pez 
ahorra energía energía mediante la “regulación negativa” de las funciones fisiológicas. 
En cambio, cuando los recursos alimenticios son abundantes, los peces favorecen la 
“regulación positiva” de su rendimiento metabólico a costa de un mayor gasto 
energético y una menor eficiencia energética. 
En el caso de la liseta, los indicadores metabólicos mostraban la movilización de 
reservas en los peces en ayuno, así como un cierto efecto de compensación en aquellos 
que fueron realimentados, aunque dicha compensación no resultó evidente en el caso de 
la actividad de enzimas digestivas. Se concluyó que probablemente la actividad de tales 
enzimas, al igual que la medida de los niveles de GH e IGF-I pudieron no ser 
indicadores demasiado sensibles de la situación generada por el ayuno, o bien este no 
resultó excesivamente prolongado para generar una respuesta apreciable. Los 
fenómenos de ayuno y realimentación producen un conjunto de cambios en la actividad 
enzimática y fisiológica de los animales, pero existen otros factores de comportamiento 
a tener en cuenta como el estrés, la transición, la adaptación y recuperación, al igual que 
que otras variables como la temperatura del agua y la duración del periodo de ayuno 
(Méndez y Wieser, 1993). Algunos autores han obtenido resultados similares a este 
estudio, concluyendo que un ayuno más prolongado puede provocar una respuesta 
hiperfágica más acusada y, por tanto, un crecimiento compensatorio completo (Egea-
Nicolás y cols. 2002; Turano y cols., 2007). Sin embargo, en especies como la tilapia, el 
mero de pintas naranajas, la lubina europea o los ciprínidos fueron sufucientes 1-2 
semanas de ayuno y 1 semana de realimentación para observar cambios en los niveles 
de GH e IGF-I y experimentar rápidos ajustes metabólicos (Uchida y cols. 2003; 
Pedroso y cols. 2006; Pérez-Jiménez y cols. 2007; Dar y cols., 2018). La mayoría de los 
estudios sobre ayuno y realimentación en peces tienen una duración mínima de 4 
semanas, a partir de las cuales se empiezan a obtener resultados significativos (Riaño y 
cols. 2011). Eroldogan y cols. (2008), diseñaron para dorada un régimen de 
alimentación específico (12 ciclos a lo largo de 48 días con el 50 % de alimentación 
restringida durante 2 días y realimentación hasta saciedad durante 2 días), observando 
un aumento de la actividad de las proteasas, siendo la proteína una fuente importante de 
energía. Estos autores concluyeron que se pueden recomendar algunos ciclos de 
restricción de alimentos como procedimiento de rutina en la producción comercial. 
Otros autores como Furné y cols. (2012) coinciden en estos resultados tras un periodo 





respuesta adaptativa metabólica significativa a la inanición prolongada en esturión y 
trucha arcoiris, restableciéndose las reserbas de tejidos, los parámetros plasmáticos y las 
actividades enzimáticas durante la realimentación. Otros, como Krogdahl y cols. (2005), 
obtuvieron resultados similares tras 50 días de ayuno y 7 días de realimentación, una 
rápida disminución de la actividad enzimática, contenido de proteínas y peso en los 
primeros días de ayuno y un rápido aumento al volver a la alimentación. 
A modo de resumen y para concluir, los resultados aportados en la presente 
Tesis Doctoral indican que la liseta es una especie con un potencial excepcional para su 
cultivo tanto en sistemas extensivos como semiextensivos, capaz de adaptarse al medio 
en el que se ecuentre de manera eficiente. Para ello, sufre una reorganización 
metabólica que hace que el organismo sea capaz de mantenerse y crecer tanto en 
ambientes hipersalinos como en ambientes dulceacuicolas, aunque el mayor crecimiento 
se observa a salinidades propias de un estero (aguas salobres). Además, es capaz de 
sobrevivir a largos periodos de ayuno (21 días) sin alterar demasiado su fisología, 
recuperando los niveles metabólicos óptimos tras la realimentación. Por otro lado, los 
resultados han confirmado que la liseta es una especie omnívora con una clara tendencia 
hacia un hábito más herbívoro a medida que aumenta de talla/edad, lo que supondría 
una reducción en los costes de alimentación. Los resultados obtenidos en esta Tesis 
Doctoral dan una visión general sobre los diferentes factores a tener en cuenta en el 
cultivo de la liseta, por ello, se deberían de realizar nuevos estudios que sigan esta línea 
de investigación, desarrollando dietas más específicas para optimizar aún más el cultivo 
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1. El perfil de actividad enzimática digestiva de la liseta (Chelon labrosus) muestra 
un cambio con el desarrollo, pasando de ser típicamente omnívoro a herbívoro. 
Dicho cambio probablemente está asociado a la modificación de hábitos 
alimentarios que muestra en el medio natural. 
 
2. Se han identificado, por primera vez para esta especie, las secuencias génicas de 
una serie de enzimas clave en la digestión: pepsinógeno, tripsinógeno, 
quimotripsinógeno y alfa amilasa pancreática. Por otra parte, se ha encontrado 
una notable disparidad entre el transcriptoma y el proteoma de dichas enzimas 
digestivas, lo que sugiere que la expresión de las mismas se ve afectada por 
mecanismos post-transcripcionales. 
 
3. Los ensayos de digestibilidad in vitro muestran que la hidrólisis de proteína 
resulta más eficiente a salinidades por debajo de 12 ppt. Esto sugiere que en 
entornos más salinos deben existir mecanismos de compensación (e.g. una 
mayor secreción enzimática o tiempos prolongados de digestión) que aseguren 
un proceso digestivo eficiente. 
 
4. Chelon labrosus es una especie eurihalina, aunque su mantenimiento en 
salinidades extremas (0 ó 40 ppt) incrementa su consumo energético y, 
probablemente, afecta negativamente al crecimiento. 
 
5. Se clonó, por primera vez, la longitud total de cDNAs de la GH hipofisaria y de 
la IGF-I hepatica en esta especie. 
 
6. Chelon labrosus parece soportar bien, desde un punto de vista metabólico, los 
procesos de ayuno corto y realimentación. Sin embargo, la medida de la 
expresión de ARNm de GH hipofisaria e IGF-I hepática, utilizada en el presente 
estudio como indicador del estado nutricional no mostró suficiente sensibilidad 
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